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Una llista de gent a qui agrair l’ajuda prestada? Però per qui començar? Hi ha 
tanta i tanta gent que ha fet possible el meu treball que dubte si hi ha algú que puguera 
considerar-se prescindible en aquesta llista infinita. Tothom ha tingut un paper 
fonamental, però si haig de començar per algú, ho faré seguint la ‘història evolutiva’ de la 
tesi. Així, els primers en aparèixer als agraïments han de ser els meus pares, Eustaquio 
Palero i Amparo Pastor, que van donar sempre els millors consells als seus fills i em van 
permetre fer la carrera de Biologia a la Universitat de València. D’aquella Universitat 
haig d’agrair especialment l’ajuda del Dr. Jesús Selfa, que em va “convèncer” per anar a 
fer una estada a Swansea com a ERASMUS. El temps lliure que em deixava el sistema 
educatiu anglès em va dur a trobar “on the web” un especialista en crustacis que 
estudiava el reclutament de la llagosta: Dr. Pere Abelló.  
 
Un parell d’e-mails, moltes hores de treball i les beques del CSIC em van servir 
per a posar-me de cap en el món bibliogràfic de les llagostes i començar a copsar la gran 
diversitat de larves filosoma. Per cert, també em van servir per a conèixer en David Díaz, 
Jacopo Aguzzi, Joan Baptista Company, Toni Lombarte, Pilar Olivar, Francesc Pagés, 
Francesc Maynou, tot gent amb una gran vitalitat i sempre molt propera. La llibertat de 
treball que em va proporcionar en Pere va ser clarament la principal desencadenant 
d’aquesta tesi. Havia de fer la tesi amb ell! I vindre a treballar amb ell suposava fer la tesi 
amb un tutor de la Universitat de Barcelona.  
 
Això em va dur a conèixer la Dra. Marta Pascual, una reconeguda especialista en 
genètica de poblacions i una grandíssima persona. He tingut molta sort de comptar amb la 
seua energia i consell en tot moment, i especialment als moments més crítics...com la 
discussió de les publicacions científiques. Al Departament de Genètica vaig trobar molt 
més que una directora de tesi i mare adoptiva, també vaig trobar el meu “guia espiritual” 
particular, el professor Lluís Serra, qui em va iniciar al món de la “matemàtica parda”, 
per on espere poder seguir viatjant en un futur. A ell li estic especialment agraït per la 
seua confiança en les noves generacions d’investigadors (com jo mateix!) i pel seu 
exemple de constància en el treball. No puc oblidar tampoc tota la resta del grup: 
Francesc, Joan, Louise, Josiane, Carles, Pep, Hèctor, Pedro “el panameño”, Pedro “el 
portugués” o Pedro “el argentino”. Per a Cinta, que ha sigut com una germana (i a 
vegades com una mare!), no tinc paraules d’agraïment per tants viatges en cotxe, nits 
d’okupació indeguda, etc...Tot això no es paga amb tots els marmitakos del món. Ah! Me 
n’oblidava! Gràcies al Kay, Michael i companyia, ells també han fet que l’estada al 
Departament fora més agradable (ho seria la cervessa?). I els companys de Biologia 
Animal: Marc, Gemma, Isabel...gent que sap gaudir mentre es treballa i fora del treball! 
 
 I realment calien tres directors de tesi? Doncs si! El Dr. Enric Macpherson ha 
suposat un estímul constant per a seguir el treball de recerca dins i fóra de la tesi doctoral. 
Gràcies a Macpherson vaig poder contactar amb un altre gran especialista en crustacis i 
un genial investigador: Dr. Paul Clark. Tots dos junt a Pere Abelló i Guillem Guerao són 
responsables d’un seguit de publicacions sobre la taxonomia i identificació de diferents 
estadis larvals en espècies de llagosta Achelata. Els darrers estadis filosoma i els nistos 
dels Scyllarus de la Mediterrània, les filosoma i el puerulus de Palinustus capturats a 
Somàlia, i tants altres treballs que ens esperen. Gràcies a tots ells per potenciar la passió 
per la taxonomia i l’art de la descripció en el seu quefer diari. Ells fan que la flama de 
l’història natural, que es troba a la base de tota ciència biològica, seguisca tan viva com 
mai. 
 
 Per a Núria: No puc dir que no haguera fet aquesta tesi sense la teva ajuda, però sí 
que puc dir que la meva vida mancaria d’una peça fonamental si no t’haguera tingut tan 
‘a prop’ (s’ha acabat el bròquil, tu ja m’entens!) en tot moment.  
  
“All this diversity is at first sight staggering and bewildering. The greatest achievement 
of biological science to date is the demonstration that the diversity is not fortuitous. It has 
not arisen from a whim or caprice of some deity. It is a product of evolution, an outcome 
of a long historical process of development...Biology can not fathom whether life may be 
a part of some Cosmic Design. But biology does show that the evolution of life on earth 
is governed by causes that can be understood by human reason.” 
 
Theodosius Dobzhansky 
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1.1.- Diversitat biològica i teories sobre l’evolució 
 
Si donem un cop d’ull al nostre voltant, estareu d’acord en què la diversitat dels 
éssers vius és immensa. Fins i tot si vivim a la ciutat i sols veiem Homo sapiens en el 
nostre quefer diari, haureu de reconèixer que aquestos també són molt diferents entre ells. 
Quan mirem amb detall qualsevol grup taxonòmic, ens hi trobem molts tipus de 
diversitat: diversitat morfològica, ecològica, comportamental, etc. Ara sabem, gràcies al 
treball de síntesi d’en Charles Darwin, que tota aquesta diversitat no és deguda a l’atzar, 
sinó que principalment és el resultat d’un procés d’adaptació dels éssers vius a la 
diversitat de medis que es troben a la natura (Darwin, 1859). Així, la gran varietat 
d'espècies actuals s'hauria generat per un procés continuu de divergència i separació de 
llinatges, a partir d'avantpassats comuns, com si tots els éssers vius forméssin una gran 
família. 
 
 1.1.1.- Evolució darwista  
 
Evolució significa canvi en la morfologia i el comportament dels organismes al 
llarg de les generacions. Segons Darwin, l'adaptació gairebé perfecta dels organismes al 
seu entorn s'explica per selecció natural. Si partim del fet que les característiques d’un 
individu tendeixen a passar als seus descendents de forma més o menys constant i que 
alguns individus aporten més descendents que altres a la següent generació, queda clar 
que les característiques genètiques d'aquests individus seran més freqüents dins la 
població al llarg del temps (Fig. 1). Així, la composició genètica de la població canviarà 
paulatinament. Darwin va proposar que, donat que els recursos disponibles són limitats, 
els individus més adaptats al seu entorn tindran una major probabilitat de sobreviure i de 
produir un major nombre de descendents, per la qual cosa incrementaran la freqüència de 
les seues característiques (ara diem els seus gens o variants al.lèliques) a la població. A 














Fig. 1. Representació gràfica del concepte Darwinià d’evolució biològica. Un organisme pateix mutacions 
(canvis) que es poden transmetre a la descendència. Alguns d’aquestos canvis seran deleteris (selecció 
negativa), mentre altres descendents podran sobreviure i reproduir-se. Aquells millor adaptats aportaran un 
nombre major de descendents a la següent generació. 
 
 1.1.2.- Ingredients bàsics per a una teoria genètica de l’evolució 
 
 Una de les principals dificultats de la teoria darwinista original era que no es 
coneixien els mecanismes responsables de l'herència, i per tant, tampoc es coneixia 
l'origen de la variabilitat genètica a les poblacions naturals. Tanmateix, el fet que la 
diversitat de característiques presentades pels éssers vius siga heretable i es transmeta de 
pares a fills dins d’un mateix llinatge, segueix sent un dels ingredients fonamentals de la 
teoria darwinista. És en aquest punt de la teoria evolutiva on agafa el seu paper 
predominant la genètica. Es pot afirmar que els ingredients fonamentals de tota teoria 
genètica de l’evolució són: les mutacions, la selecció natural, la deriva genètica i la 
migració. L’aparició de noves característiques heretables es produeix mitjançat 
mutacions, i així, els canvis en l’ordenació cromosòmica o la seqüència nucleotídica dels 
gens són fonamentals per a l’aparició de nous caràcters sobre els quals puga actuar la 
selecció natural. La selecció natural fa que els individus amb una versió determinada d’un 
gen sobrevisquin o es reprodueixin millor que els que en tenen una altra. Per altra banda, 
sempre que els canvis en les freqüències gèniques de les poblacions no estiguen sotmeses 
a selecció (i per tant siguen degudes a l'atzar), actuarà la deriva genètica. Per exemple, si 
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l'efecte d’uns gens no té valor adaptatiu, l'atzar serà l'únic mecanisme que farà variar el 
nombre d'individus que posseeixen una versió o l'altra del gen en successives 
generacions. Finalment, la migració d’individus entre poblacions d’una espècie és un 
factor fonamental que tendeix a homogeneitzar les freqüències gèniques entre poblacions 
i repartir les noves mutacions per tota la distribució de l’espècie. Si dues poblacions estan 
aïllades i no hi ha migració entre elles, tendiran a divergir i aquest procés de divergència 
tindrà com a resultat l'especiació, o formació de grups aïllats reproductivament. 
 
 1.1.3.- Teories evolutives al segle XX  
 
Els avenços en l’estudi de la variabilitat genètica en poblacions naturals que ens 
arriben amb la primera meitat del segle XX, van desembocar en la teoria Neodarwinista i 
la teoria Neutralista (Kimura, 1983). El Neodarwinisme defensa que les poblacions 
naturals contenen una gran quantitat de variabilitat genètica, produïda per mutació i 
recombinació. Com hem comentat abans, els principals responsables de l'evolució de les 
poblacions naturals són la selecció natural, el flux genètic/migració i la deriva genètica, 
donat que provoquen canvis en les frequències gèniques. Segons els neodarwinistes, 
l'acumulació gradual de diferències genètiques, mitjançant l'acció de la selecció natural, 
determinarà l'aparició de noves espècies i de les categories taxonòmiques per sobre del 
nivell d'espècie (Larson, 2004). Per altra banda, la teoria neutralista de l'evolució 
molecular proposa que la major part dels canvis evolutius a nivell molecular no estan 
determinats per la selecció natural sinó per la deriva genètica de mutacions neutres 
(Kimura, 1989). Val a dir que la teoria neutralista no suggereix que la deriva explique tots 
els canvis evolutius; ja que encara es necessita la selecció natural per explicar les 
adaptacions. El que afirma la teoria neutralista és que l'evolució a nivell de l’ADN i 
proteïnes depén sobretot de processos aleatoris i per tant, la major part dels canvis 
evolutius a nivell molecular serien no adaptatius, de forma que les adaptacions que 
s'observen en els organismes serien resultat d’una minoria de canvis evolutius en l’ADN. 
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1.2.- Divergències antigues: Viatge cap al passat més llunyà  
 
Siga quin siga el principal mecanisme causant de l’evolució, una conseqüència 
lògica d’aquest procés de divergència al llarg del temps serà l’existència d’una sèrie 
d’ancestres comuns per als diferents grups d’organismes analitzats, siguin phyla, famílies, 
espècies o poblacions. Mitjançant l’estudi de la diversitat genètica present en els 
organismes contemporanis, podem intentar fer un viatge cap al passat i reconstruir aquest 
procés de divergència entre grups d’organismes. Aquest procés de formació de llinatges 
dins d’un grup, és allò que anomenem la seua filogènia (filo = fulla, branca; gènesi = 
origen, naixement). 
 
 1.2.1.- Inferència filogenètica i seqüències d’ADN 
 
Una filogènia representa, normalment en forma gràfica “d’arbre”, les relacions de 
parentiu entre grups taxonòmics. Les implicacions d’aquest tipus d’estudi són molt 
importants, ja que la reconstrucció filogenètica ens permet definir la classificació dels 
organismes actuals de manera que es reflectisca millor les relacions evolutives entre 
grups (Hennig, 1950). Així, una correcta classificació i identificació dels organismes és 
fonamental per tal de realitzar qualsevol tipus d’estudi biològic. Si no som capaços de 
discriminar entre els diferents tipus d’organismes, podríem estar realitzant inferències a 
partir de grups heterogenis d’espècies, el que invalidaria els resultats (Huelsenbeck et al., 
2001). Fins a finals del segle XX, la major part dels sistemes de classificació dels 
organismes depenien del criteri (a vegades parcialment subjectiu) de diferents 
especialistes en un grup taxonòmic determinat. Aquestes classificacions es basaven en 
l’estudi de la morfologia dels diferents organismes, agrupant aquells que s’assemblen 
més morfològicament i discriminant entre grups en base a caràcters més o menys 
diferencials. El principal problema amb les classificacions basades en la morfologia dels 
organismes és que els processos de convergència adaptativa fan que organismes amb 
orígens molt distants tendeixen a semblar-se, el que ens portaria a agrupar espècies que 
pertanyen a llinatges diferents. A més a més, un altre problema important és que moltes 
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característiques morfològiques es poden haver perdut en un llinatge degut al tipus de cicle 
vital, com passa a sovint en espècies paràsit.  
 
Les noves eines d’anàlisi molecular i l’estudi de llargs segments d’ADN, ens 
proporcionen milers de caràcters variables nous per a l'estudi de les relacions evolutives 
entre organismes. Tanmateix, per tal d’interpretar tot aquest nou maremàgnum de dades, 
també necessitem noves eïnes d’anàlisi de dades. Cal tenir en compte que, per tal de 
reconstruir la història evolutiva d’un grup taxonòmic a partir de dades moleculars, 
necessitem un model d’evolució que ens explique com canvien les molècules al llarg del 
temps. 
 
1.2.2.- La revolució bayesiana.  
 
L’estadística bayesiana ha revolucionat la genètica moderna, aportant una nova 
eina d’anàlisi i revifant àrees d’estudi que havien quedat estancades des de feia dècades. 
Gràcies als mètodes bayesians, podem treballar amb models evolutius molt més 
complexos. En el món real ens trobem amb casos complexos que no podem explicar de 
forma directa. Aquests tipus de casos, en els quals el valor resultant d’una gran quantitat 
d’interaccions no es pot predir amb certesa, s’expliquen mitjançant models probabilístics. 
En l’estadística clàssica, la probabilitat d’un succés s’interpreta com la proporció dels 
casos en què es realitza el succés; per posar l'exemple més conegut, el nombre de cares 
obtingudes quan llancem una moneda ‘x’ vegades. Aquesta probabilitat es considera un 
valor absolut. Tanmateix, en inferència bayesiana, les probabilitats no s’interpreten com a 
freqüències o proporcions, sinó més aviat com a graus de certesa (Bolstad, 2004). És 
evident que mai podrem arribar a la veritat absoluta sobre el món real, però conforme 
acumulem evidències el nivell de credibilitat d’una hipòtesi varia. En definitiva, cal tenir 
en compte que un conjunt d’observacions suposa un mitjà per a canviar el nivell de 
credibilitat de la nostra hipòtesi, no una forma d’aconseguir la veritat absoluta. 
L’estadística clàssica rebutja una hipòtesi quan creu que les dades no responen a allò que 
calia esperar sota unes condicions determinades, mentres que la inferència bayesiana fa 
per proporcionar-nos el nivell de credibilitat d’una hipòtesi després d’observar les dades 
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(Shoemaker et al., 1999). Els bayesians no creuen escaient especificar una hipòtesi i 
decidir simplement si rebutjar-la o no rebutjarla. Per ells, les lleis de probabilitat han 
d’indicarnos quines hipòtesis hem de creure i fins a quin nivell podem confiar-hi, sense 
descartar-ne cap. 
 
L'ús de models probabilístics d’evolució de l’ADN ens permet extreure una 
quantitat considerable d'informació a partir de dades de seqüències. Recentment, 
l’aplicació de l’anàlisi bayesiana ha suposat una revolució qualitativa a l’hora de 
reconstruir les relacions de parentiu entre espècies usant models probabilístics d’evolució 
molecular. La inferència bayesiana permet especificar un model evolutiu i una distribució 
de probabilitats a priori, i aleshores determinar la probabilitat posterior de cada arbre 
filogenètic (Beaumont and Rannala, 2004). Donada la gran quantitat de paràmetres que 
contenen, les funcions de versemblança per als models filogenètics basats en seqüències 
d’ADN són massa complexes com per ser integrades analíticament, així que les 
aproximacions bayesianes actuals es recolzen en mètodes Markov Chain-Monte Carlo 
(MCMC). 
 
Mitjançant els mètodes MCMC es genera una distribució de probabilitats seguint 
una sèrie de passos encadenats, de forma que el pas següent s’obté mitjançant l’alteració 
aleatòria d’algun dels paràmetres del model (Rousset and Raymond, 1997). La 
localització en l’espai paramètric suposa una descripció de l’arbre i una especificació del 
model evolutiu. Si el pas que hem donat ens proporciona una probabilitat posterior més 
elevada, acceptem el moviment, si no, normalment serà rebutjat (no sempre, ja que alguns 
passos enrere xicotets són acceptats). La cadena de passos MCMC creada representa un 
desplaçament pels diferents conjunts d’arbres i models evolutius (Gelman et al., 2003). 
Per definició, la proporció del temps que una cadena passa en una regió concreta de 
l’espai paramètric es pot fer servir com a estimació de la probabilitat posterior d’eixa 
regió. Si tot va bé, la cadena tendirà a romandre en regions amb una probabilitat posterior 
elevada. Al final de l’anàlisi, tenim una estima de la probabilitat de l’arbre filogenètic 
donades les dades, que és el que ens interessa. Per suposat, aquesta estima es recolza en 
un model evolutiu concret i en què les distribucions a priori siguen raonables. 
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 Com podreu veure al llarg d’aquest treball, les eines d’anàlisi molecular ens 
permeten estudiar la diversitat genètica a diferents nivells evolutius, des de divergències 
que van ocórrer fa centenars de milions d’anys (Mya) fins a divergències entre les 
poblacions actuals d’una mateixa espècie. Per tal d’estudiar divergències antigues, 
compararem les seqüències de gens homòlegs de diferents organismes. Els gens nuclears 
que participen en el funcionament bàsic de la cèl.lula, com els que codifiquen per RNA 
ribosomals i histones, presenten unes taxes de canvi generalment més lentes i són els 
principals candidats per a l’estudi de l’origen dels grans grups actuals: phyla, ordres o 
famílies. Així, la reconstrucció filogenètica ens permetrà definir la probabilitat que les 
diferents hipòtesis evolutives hagen produït les seqüències observades i interpretar la 
influència que els diferents processos geològics poden haver tingut en l’origen dels grans 
grups d’organismes. Finalment, un avantatge important de les dades moleculars és la seva 
imparcialitat, ja que els resultats poden ser reproduïts de forma independent en diferents 
laboratoris a partir de seqüències dipositades en bases de dades públiques. 
 
1.3.- Divergències recents: Viatge cap a un passat no tant llunyà  
 
Tot i l’ús generalitzat de les seqüències d’ADN codificant per tal d’inferir 
relacions evolutives entre diferents grups d’espècies, aquestes seqüències sols ens 
serveixen per a estudiar les divergències que han ocorregut en una escala temporal llarga. 
Es pot considerar que un gen nuclear presenta un canvi per mutació cada milió d’anys 
com a mitjana (més o menys!) i això fa que entre espècies que han divergit fa menys de 5 
Mya no trobem gairebé cap diferència amb els marcadors genètics típics (p.e. gens 
ribosomals o codificant per histones). Així, la seqüència de la proteïna histona H3 no ens 
permet discriminar entre un humà i un ximpanzé, i sols trobem dos canvis d’aminoàcid al 
comparar un humà i una rata (temps de divergència: 25-80 Mya).  Per això, quan volem 
estudiar les relacions evolutives entre espècies que fa relativament poc de temps que han 




 1.3.1.- ADN mitocondrial (mtDNA) i Microsatèl.lits (VNTRs)  
 
Els marcadors genètics amb una taxa de mutació especialment elevada més 
utilitzats són l’ADN mitocondrial (mtDNA) i els microsatèl.lits (VNTRs). Per una banda, 
les taxes de mutació de mtDNA són generalment més altes que els de les seqüències 
d’ADN nuclear codificant per gens. Brown et al. (1982) va demostrar que la taxa 
d'evolució de seqüència de mtDNA en primats està al voltant d'un 2% per milió d’anys i 
que la taxa d'evolució del genoma mitocondrial sol ser unes 10 vegades més elevada que 
la taxa de mutació del genoma nuclear. Gràcies a l’obtenció d’estimes directes de les 
taxes de mutació de mtDNA en ocells (Lambert et al. 2002), nematodes (Denver et al. 
2000), i humans (Howell et al. 2003), ara sabem que la selecció juga un paper molt 
important en l'evolució del mtDNA. Això, i el fet que l’ADN mitocondrial s’herete 
solament per via materna en la majoria d’animals, fa que aquest genoma ens presente una 
visió molt peculiar de la història evolutiva de les espècies. L’ADN mitocondrial s’ha fet 
servir principalment per a estudis de filogeografia, ja que permet integrar distribució 
geogràfica i relacions filogenètiques entre al.lels d’una forma directa  (vegeu més 
endavant). 
 
Per altra banda, fa escassament 30 anys que es van descobrir els microsatèl.lits 
(VNTR: Repeticions en Tàndem de Nombre Variable; Tautz, 1989). Els microsatèl.lits 
són seqüències d’ADN consistents en repeticions en tàndem de 1 a 5 parells de bases 
(mono-, di-, tri-, tetra- o pentanucleòtids) (Queller et al, 1993). Aquestes seqüències estan 
distribuïdes al genoma de tots els eucariotes analitzats fins ara i també en el genoma 
cloroplàstic de plantes (Jarne and Lagoda, 1996), però gairebé sempre situades en regions 
no codificants, ja que el guany o la pèrdua de les repeticions pot provocar canvis en la 
pauta de lectura del gen (Hancock, 1999). La seva densitat depèn de l'espècie i solen 
presentar elevats nivells de polimorfisme, ja que tenen una taxa de mutació molt elevada 
(Féral, 2002). Aquesta elevada taxa de mutació és deguda a que el nombre de repeticions 
varia fàcilment per les dificultats de l’ADN polimerasa per a replicar un fragment amb 
seqüències repetitives i per processos de recombinació de l’ADN. Aquest procés de 
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mutació per l’ADN polimerasa sol ser ‘stepwise’, és a dir, que el canvi normalment 












Fig. 2. El model mutacional ‘stepwise’ intenta explicar el procés mutacional dels marcadors microsatèl·lit. 
Per això, com ens mostra la imatge superior, dues mutacions, una pèrdua d’una repetició (-1) seguida per 
un guany (+1) retorna el marcador a la seva llargada original. 
 
En els darrers anys, trobem els microsatèl.lits entre els marcadors moleculars més 
utilitzats en estudis poblacionals (DeWoody and Avise, 2000; Hutchinson et al, 2001). 
Açò és degut a que presenten elevats nivells de polimorfisme, són codominants, són 
generalment neutres, només es necessita una petita quantitat de teixit per realitzar les 
anàlisis i es poden analitzar un gran nombre de marcadors de forma simultània (Jarne and 
Lagoda, 1996). Totes aquestes qualitats fan que els microsatèl.lits siguen els marcadors 
moleculars més indicats per estudiar variabilitat inter- i intra- poblacional, ja que la seva 
gran diversitat permet diferenciar poblacions i estimar el flux gènic entre aquestes d'una 
forma molt més clara que amb qualsevol altre marcador molecular (Estoup et al. 1998). 
El principal problema que presenta l'ús de loci microsatèl.lits és que s'han d'aïllar de novo 
per a la majoria d'espècies que s'han d’estudiar per primer cop, ja que en trobar-se en 
regions no codificadores, les seves regions flanquejants estan generalment poc 
conservades. A causa d'aquestes complicacions per tal d’amplificar un mateix set de 
microsatèl.lits en diferents espècies, només un nombre molt limitat d'estudis 
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experimentals s'han dut a terme per provar l'aplicabilitat de microsatèl·lits per a la 
inferència filogenètica sobre processos d’especiació recent. 
 
 1.3.2.- Processos d’especiació al medi marí 
 
L’existència de marcadors amb una taxa de mutació relativament elevada ens 
permet dur a terme l’anàlisi de processos d’especiació recent. Alhora, l’estudi de la 
variabilitat i les relacions filogenètiques entre espècies que han divergit fa poc ens permet 
definir quins processos històrics han tingut un major impacte sobre els organismes marins 
i més concretament definir quin és el model d’especiació més adequat per a organismes 
que evolucionen en un medi, el medi marí, sense barreres a la dispersió tan aparents. La 
major part de biòlegs evolutius accepten el concepte biològic d'espècie proposat per 
Mayr: grups de poblacions d'organismes que poden entrecreuar-se i donar descendència 
fèrtil, aïllats reproductivament d'altres grups (Mayr, 2001). L'aïllament reproductor, 
conjuntament amb la selecció i la deriva genètica han contribuit a crear i estendre les 
diferències morfològiques que existeixen entre les espècies. Per tant, entendre l'origen 
dels mecanismes d'aquest aïllament és entendre l'origen de les espècies. Segons els 
neodarwinistes, per entendre l'origen d'aquests mecanismes d'aïllament cal suposar que 
existeixen barreres geogràfiques entre les poblacions (Heads, 2005). Aquest aïllament 
físic o al.lopatria, porta inevitablament a la divergència evolutiva mitjançant la selecció 
natural i/o la deriva genètica. Després d'un temps suficient, l'aïllament reproductor es 
desenvoluparia com una conseqüència més d'aquesta diferenciació genètica (Fig. 3). 
 
Tot i que es pot assolir un aïllament reproductor total durant el període de 
separació geogràfica, també s'ha suggerit que la selecció natural actuant sobre poblacions 
no aïllades completament (p.e. que han esdevingut simpàtriques i ocupen la mateixa 
àrea), podria completar l'especiació mitjançant la fixació d'aquells al.lels que redueixen 
l'aparellament interespecífic, maximitzant per tant l'eficàcia biològica de la descendència. 












Fig. 3. Principals formes d’especiació biològica. 
 
Encara que algunes dades experimentals semblen recolzar aquest fet, els models 
teòrics demostren que és poc probable. La importància de l'al.lopatria o separació 
geogràfica és potser l’única "regla de l'especiació" ampliament acceptada (Turelli et al., 
2001). Malgrat tot, cada vegada s'admet més, també, que l'aïllament geogràfic no és 
sempre necessari, i que es pot donar especiació simpàtrica dintre d'una població. La 
probabilitat d'aquest fet és un dels aspectes més discutits de les teories de l'especiació, 
però alguns models i experiments demostren que es pot desenvolupar un aïllament 
reproductor entre individus que poden estar potencialment en contacte. Finalment, 
l’especiació parapàtrica o clinal, suposaria la diferenciació local d'una espècie dintre 
d'una clina geogràfica contínua, superant la força cohesiva del flux genètic produit per 
migració (Fig. 3). 
 
1.3.3.- Teoria de la Coalescència 
 
En genètica, la teoria de la coalescència és un model retrospectiu que localitza tots 
els al·lels d'un gen en una mostra des d'una població determinada fins a una còpia 
ancestral única compartida per tots els membres de la població (Kingman, 1982a; 
Hudson, 1991). Aquest és l’anomenat ancestre comú més recent (MRCA) (Fig. 4). Les 
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relacions d'herència entre al·lels es representen típicament com a genealogia de gens, 
similar en forma a un arbre genealògic. La teoria de la coalescència pretén descriure les 












Fig. 4. La teoria de la coalescència és un model retrospectiu que localitza tots els al·lels d'un gen en una 
mostra des d'una població determinada fins a una còpia ancestral única compartida per tots els membres de 
la població. 
 
En el cas més simple, la teoria de la coalescència no assumeix recombinació, 
selecció, ni flux gènic o estructuració de les poblacions. Els avenços en la teoria de la 
coalescència, tanmateix, permeten ampliar el model bàsic, i permeten incloure 
recombinació, selecció, i virtualment qualsevol model demogràfic arbitràriament 
complex. La teoria matemàtica de la coalescència va ser desenvolupada originalment 
durant els anys 1980 per John Kingman (1982b). 
 
Si tenim en compte un "punt de coalescència" en el qual tots els descendents 
convergeixen cap a un avantpassat comú, podem obtenir l’índex de fixació de gens d'un 
al·lel neutre (és a dir, un que no pateix cap tipus de selecció) per a una població de mida 
finita. Donat que l'efecte de la selecció es considera insignificant, la probabilitat que un 
al·lel es fixe en qualsevol moment donat, seria simplement la seva freqüència en la 
població en aquell moment. Per exemple, si una població inclou l’al·lel A amb freqüència 
igual a un 20% i l’al·lel B a un 80%, hi ha una probabilitat d'un 80% que després d'un 
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nombre infinit de generacions l’al·lel B s’haurà fixat en la població (suposant que la 
deriva genètica és l'única força evolutiva). La teoria de coalescència intenta predir la 
quantitat de temps passat entre la introducció d'una mutació i la distribució de l’al·lel o 
gen particular en una població. Sabem que la deriva genètica tendeix a fixar un dels 












Fig. 5. Canvi en la freqüència d’un al.lel que no pateix l’efecte de la selecció, per a una població amb un 
tamany efectiu de Ne = 10 (dalt) i Ne = 100 (baix). Aquests al.lels evolucionaran de forma “neutra”, així 
que alguns desapareixeran i uns altres es fixaran per atzar. La velocitat (en nombre de generacions) amb 
què s’arriba a la fixació o pèrdua d’un al.lel neutre depèn de la grandària efectiva de la població. 
 
Així, resulta molt més probable que es fixi l'al·lel més abundant en absència 
d'acció d'altres forces evolutives. A més, la velocitat de fixació d'un al·lel guarda una 
relació inversa amb el nombre d'individus de la població. Si tenim en compte que la 
probabilitat de que s'uneixen dos llinatges en la generació immediatament anterior és la 
probabilitat que comparteixen un pare, en una població de tamany constant amb 2N 
cromosomes, la probabilitat que dos al·lels comparteixen un pare és 1/2N i la probabilitat 
que no, és 1-1/2N. En general, la deriva genètica és un mecanisme lent, sobretot en 
poblacions grans, però esdevé important quan un nombre petit d'individus funda una nova 
població, ja que en ser molt pocs els individus fundadors, l'atzar influeix molt en la seva 
composició. Aquest fenomen es coneix com a efecte fundador. 
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Finalment, l’estudi de la variabilitat genètica dins d’una mateixa espècie ens 
apropa de forma directa al món de la genètica de poblacions i a l’àmbit més actual de 
l’evolució. Definir els patrons filogeogràfics de distribució de variabilitat genètica i 
estudiar els patrons d’estructuració d’aquesta variabilitat ens ajuden a entendre quin ha 
estat l’origen i quin pot ser l’impacte de la selecció dins d’una espècie. La grandària 
efectiva poblacional, definida com el nombre d'individus reproductors que hauria de tenir 
una població ideal que mostrara la mateixa variança en freqüències al·lèliques sota deriva 
genètica que la població observada, és un component fonamental de la teoria de genètica 
de poblacions. Recordeu que fins i tot s'ha suggerit que els canvis bruscos en la grandària 
efectiva poblacional (colls d’ampolla/expansions) podrien jugar un paper important en 
processos d'especiació, perquè permetrien molta deriva genètica. 
 
1.4.- Genètica de poblacions en organismes marins: “poner puertas al mar” 
 
En els plans de conservació dels recursos marins, cal tenir en compte les relacions 
de flux gènic entre poblacions d’espècies amenaçades per tal de localitzar àrees 
protegides allà on l’efecte positiu siga major. En la pràctica, sembla més convenient 
protegir aquelles poblacions que tenen una capacitat reproductiva major i que són capaces 
d’exportar individus de forma efectiva cap a altres àrees (Palumbi, 2004). Per altra banda, 
també sembla més adequat situar una zona protegida en aquelles regions on trobem una 
variabilitat genètica major, donat que aquestes poblacions estarien més ben preparades 
per tal d’afrontar els possibles canvis en el medi. Els marcadors genètics poden 
proporcionar-nos evidències molt fortes de que una població és tancada, perquè la 
diferenciació genètica és molt sensible a la migració. Així, un grau elevat de dispersió es 
troba habitualment associat amb un menor grau de diferenciació genètica al llarg de l’àrea 
de distribució de l’espècie (Palumbi et al., 2003). 
 
 1.4.1.- Filogeografia: Barreres del passat 
 
La filogeografia és un camp de coneixement molt recent i que ha experimentat un 
creixement ràpid durant els darrers 20 anys (Beheregaray, 2008). S’origina a partir de les 
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tècniques moleculars aparegudes al voltant dels anys 1980 que permeten determinar de 
forma sistemàtica la variació en seqüències d’ADN a nivell poblacional i per tant 
reconstruir genealogies de gens. En particular, l'accessibilitat a les seqüències d’ADN 
mitocondrial (mtDNA) en diferents espècies animals va suposar l’expansió generalitzada 
d’aquest nou camp d’estudi (Avise, 2004). Així, la filogeografia adreça l'estudi dels 
processos històrics que expliquen la distribució geogràfica actual de la variabilitat 
genètica de les espècies. Això s'acompleix estudiant la distribució geogràfica dels 
individus en base a les relacions evolutives entre els al.lels que contenen. Per aquesta raó, 
la filogeografia es troba a mig camí entre la genètica de poblacions clàssica i la 
filogenètica. Donat que es posa un émfasi explícit en el passat biogeogràfic, es tracten 
principalment esdeveniments que han ocorregut en el passat més recent d’una espècie 
com ara expansions poblacionals, reduccions dràstiques en les grandàries poblacionals 
(colls d’ampolla), processos de vicariança (és a dir, que la població ha quedat dividida 
per l'aparició d'una barrera determinada o l'extinció de poblacions intermèdies) i 
migració. La filogeografia integra conceptes de la teoria de la coalescència i la 
informació geogràfica per a poder inferir la importància relativa de cadascuna d'aquestes 
forces històriques en la formació dels patrons actuals. 
 
Tot i això, cal tenir en compte que cada seqüència d’ADN té la seva pròpia 
genealogia, i la història evolutiva de l’espècie és la suma de moltes genealogies de gens 
diferents. L'ús de marcadors tant mitocondrials com nuclears indica que les conclusions 
obtingudes a partir d'un únic marcador molecular poden ser enganyoses. A més, els 
diversos mètodes d'anàlisi investiguen aspectes diferents de la història evolutiva. En 
conseqüència, per tal de reconstruir la història filogeogràfica d'una espècie, hom hauria 
d’usar idealment una àmplia gamma de seqüències, incloent-hi marcadors nuclears, 
autosomals, relacionats al sexe, marcadors neutres, i sempre  incloent-hi marcadors que 
cobrisquen un ampli espectre de taxes de mutació (Avise, 1998). Una filogeografia 
basada en l’estudi d'uns quants loci independents ens proporcionarà una visió de la 
història molt més completa i més fiable.  
 
 1.4.2.- Dispersió larval i connectivitat: Barreres actuals 
 15
 Molta gent pensa que l'ambient marí es com un espai sense barreres, continuu i 
homogeni al llarg de grans distàncies. D’acord amb aquesta visió, es troba que 
generalment els organismes marins presenten uns valors de diferenciació genètica (Fst < 
0.005) comparativament més baixos que organismes terrestres (Fst > 0.01) (Waples, 
1989). No obstant això, l’existència de transicions entre diferents mars o la presència 
d’estructures oceanogràfiques complexes com ara girs i remolins fan que el medi marí 
estiga més estructurat del que sembla a primer cop d’ull (REF- Rocha). Així, barreres 
oceanogràfiques, aïllament per distància, limitacions comportamentals a la dispersió, 
selecció o història recent de les poblacions poden causar subdivisió poblacional 
(Palumbi, 1994).  
 
Donada l’amplària dels oceans i la xicoteta talla de les larves, intentar identificar 
directament els patrons de dispersió larval pot resultar una tasca impossible en la 
majoria d’espècies marines. Tot i això, els migrants que tenen èxit sempre deixen una 
petjada genètica del seu desplaçament que ens permet estudiar indirectament la 
connectivitat entre les diferents poblacions. La duració de la larva pelàgica (PLD) 
sembla ser un factor important per a entendre els patrons de dispersió i el grau de 
connexió entre poblacions al medi marí (Shanks et al., 2003). Així, les espècies de 
crustaci amb una elevada PLD solen presentar poblacions grans i amb àrees de 
distribució amples (Shanks and Eckert, 2005; Teske et al., 2006). Tanmateix, encara que 
les larves potencialment podrien dispersar-se llargues distàncies, estudis recents 
indiquen que pot existir estructuració poblacional en escales molt menors que el límit 
teòric de dispersió larval (Rocha et al., 2005). Això ens indicaria que el comportament de 
les larves i la seua localització en el plàncton també tenen un paper important en el grau 
de dispersió (Naylor, 2005, 2006). L’estudi de la variabilitat i l’estructuració genètica de 
les poblacions d’organismes marins ens pot ajudar a determinar l’efecte que aquests 
factors oceanogràfics tenen sobre la capacitat dispersiva i els patrons de connectivitat 
dels organismes marins. 
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1.5.- Però...què és això de l’infraordre Achelata?  
 
 En el cas concret de la present memòria, ens anem a centrar en l’estudi de la 
genètica evolutiva de les llagostes del grup Achelata (Scholtz and Richter, 1995). 
Aquestes llagostes són uns crustacis decàpodes que es caracteritzen principalment per la 
manca de pinces als pereiòpodes (les pates) i per la presència d’una zoea molt 
especialitzada per a la dispersió pels oceans, la larva filosoma (vore portada). En algunes 
espècies, la filosoma pot passar fins a 24 mesos (2 anys!) en aigües oceàniques, per on va 
suspesa en l’aigua com una fulla duta pel vent (filo = fulla; soma = cos). Encara que tots 
els aquelats presenten aquesta fase larval tan interessant, val a dir que són molt diversos i 
que es poden trobar en diferents ambients a gairebé tots els oceans del món i des d’arran 
de costa fins a més de 900m de profunditat (Holthuis, 1991).  
 
 1.5.1.- Sistemàtica dels Achelata 
 
Les llagostes Achelata tenen una història evolutiva relativament llarga, ja que 











Fig. 6. Principals famílies que formen l’infraordre Achelata Scholtz and Richter, 1995. 
 
Actualment, les llagostes del grup Achelata es classifiquen en tres famílies 
principals: Palinuridae Latreille, 1802 (llagostes o palinúrids); Scyllaridae Latreille, 1825 
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(castanyoles o escil.làrids) i Synaxidae Bate, 1881 (llagostes del corall o sinàxids). 
Aquestes famílies es poden distingir fàcilment segons les seues característiques 
morfològiques (Fig. 6), encara que alguns autors i els resultats d’aquesta tesi han 
qüestionat recentment la validesa del grup Synaxidae (Davie, 1990; Patek and Oakley, 
2003).  
 
Dins del Palinuridae, les relacions evolutives també presenten algunes incerteses. 
Parker (1884), va dividir els gèneres de palinurid en Stridentes (Linuparus, Palinustus, 
Puerulus, Palinurus, Panulirus i Justitia) i Silentes (Jasus i Projasus). L’òrgan 
estridulant permet als Stridentes fer un soroll fort fregant una extensió de la base de cada 
antena (el plectre) sobre la placa antenular i representa una adaptació evolutiva per a la 












Fig. 7. Diferents hipòtesis evolutives de les relacions entre families d’Achelata basades en A) evidència 
paleontològica (Förster), i B) evidència morfològica (Holthuis). Hipòtesis d'evolució dins de Palinuridae: 
C) George and Main (1967), D) Baisre (1994) i E) George (2006). 
 
En un dels primers estudis de l’evolució biològica en el medi marí, George and 
Main (1967), basant-se en la forma del pleòpode de la femella en el segon segment 
abdominal, consideraven el parell de gèneres Linuparus/Puerulus com representants de 
les llagostes stridentes ancestrals. Posteriorment, Baisre (1994) va trobar suport per a 
algunes de les relacions filogenètiques suggerides per George and Main (1967) usant 
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caràcters larvals, tot i que en aquest cas Puerulus s'agrupava amb Palinurus (Fig 7). Així, 
s’han proposat diferents relacions evolutives entre les famílies d’Achelata en base a la 
seua morfologia i el registre fòssil, però encara no s’ha pogut concloure de forma 
objectiva quin és l’origen d’aquests organismes tan peculiars i interessants. 
 
 1.5.2.- El gènere Palinurus 
 
 El gènere Palinurus és el més antic entre els gèneres de llagosta (Holthuis, 1991) 
i compta amb sis espècies actuals (Groeneveld, 2007). Només es troba a l’Atlàntic 
Central i Nord-oriental, Mar Mediterrani, i a l’Índic Sud-occidental. Tres espècies viuen a 
l'hemisferi nord (P. elephas Fabricius, 1787, P. mauritanicus Gruvel, 1911 i P. 
charlestoni Forest & Postel, 1964) i tres més a l'hemisferi sud (P. gilchristi Stebbing, 
1900, P. delagoae Barnard, 1926 i P. barbarae Groeneveld et al., 2006). P. elephas i P. 
mauritanicus es troben a l’Atlàntic nord-oriental i Mediterrani mentre P. charlestoni és 
una espècie endèmica de les Illes de Cabo Verde, a l’Atlàntic Central Oriental 
(Zariquiey-Álvarez, 1968; d'Udekem d'Acoz, 1999). La distribució batimètrica de P. 
elephas està compresa entre 5 i 200 m de profunditat en substrat rocós; P. mauritanicus 
es troba preferentment entre 150 i 400 m, en esculls coral·lins i substrats fangosos prop 
d'afloraments de roca i P. charlestoni se troba en fons rocosos de marcat pendent, a 
profunditat de 50-350 m i probablement aigües més profundes (Abelló et al., 1988; 
Groeneveld et al., 2007). Pel que fa a les espècies de l'hemisferi sud, P. gilchristi és 
endèmica de la costa sud de Sud-àfrica, al voltant de 50 i 200 m de profunditat i P. 
delagoae és una espècie d'aigua més profunda (150-600 m) distribuïda entre les latituds  
17º S (Moçambic) a 32º S (Sud-àfrica oriental). Finalment, P. barbarae es una espècie 
recentment descoberta que es troba en roques trencades i costerudes a més de 100 m de 
profunditat a Walters Shoals, Madagascar Ridge (Groeneveld et al., 2006). 
 
 Les relacions evolutives entre les sis espècies incloses en el gènere Palinurus 
s'han estudiat recentment mitjançant els gens mitocondrials COI i 16S (Groeneveld et al., 
2007). Groeneveld et al. (2007) han suggerit que la distribució geogràfica actual indica 
una divergència pre-Miocènica (14-23 Mya), amb dos llinatges separant-se amb el 
 19
tancament de la connexió marina que unia el Mar Mediterrani amb l’oceà Índic (Rögl, 
1999). Els resultats obtinguts per aquests autors també donaven suport a la monofília del 
gènere i indicaven que P. charlestoni podria de fet haver estat originat d'un avantpassat 
Sudafricà que hagués colonitzat les illes de Cap Verd. Nogensmenys, hi ha una certa 
controvèrsia sobre els modes de filogeografia i especiació en diferents grups d’espècies 
presents a l’Atlàntic i l’Oceà Índic oriental (p.e. algues: Verbruggen et al., 2005; garotes: 
Lessios et al., 2001; peixos: Rocha et al., 2005). Aquests estudis suggereixen que tant 
esdeveniments més vells (p.e. obertura de l’Atlàntic central durant el Juràssic) com 
processos oceanogràfics més recents (p.e. afloraments africans i glaciacions) podrien 
haver influït en els processos d’especiació de molts organismes marins. Per això, la 
utilització conjunta de gens nuclears i mitocondrials ens pot proporcionar una millor 
comprensió de les relacions filogenètiques entre aquestes espècies i ens pot permetre 
contestar a preguntes importants pel que fa als processos d'especiació i radiació en 
organismes marins. 
 
 1.5.3.- Biologia i pesca de Palinurus elephas 
 
La llagosta europea (Palinurus elephas Fabricius, 1787) és una espècie present en 
la Mediterrània i la costa de l’Atlàntic Occidental entre Marroc (28°N) i Noruega (60°N).  
Les llagostes adultes no solen desplaçar-se llargues distàncies, així que les connexions 
entre poblacions han de ser degudes principalment a la dispersió larval (Hepper, 1977; 
Relini and Torchia, 1997). Les primeres fases del desenvolupament de les llagostes 
inclouen una fase larval planctònica adaptada a una llarga vida en l’oceà obert, on 
augmenten les probabilitats de dispersió via els corrents marins (Booth and Phillips 
1994). Així, la durada de la fase filosoma en la llagosta europea (P. elephas) s’ha estimat 
en 9 mesos a la natura (Hunter, 1996). La fase larval és seguida per una metamorfosi a la 
fase de puerulus (post-larva), la qual està encarregada de l’assentament al fons marí i la 
transició a juvenil de llagosta (Palero et al., 2008). Els juvenils d’algunes espècies de 
llagosta poden migrar fins a 700 km (Goeneveld and Branch, 2002), i en el procés de 
migració podrien compensar l’efecte dispersiu de la fase larval (Booth, 1997). Aquest 
mecanisme de dispersió larval i migracions bentòniques, faria pensar que el flux gènic 
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entre poblacions és extens, i per tant, que l’estructuració genètica és molt baixa. Tot i 
això, els moviments de les masses d’aigua que afecten la dispersió larval són temporals i 
de vegades, canvis en el patró de corrents poden fer que algunes poblacions queden 
aïllades. D’aquesta manera, sistemes oceanogràfics semitancats, com ara la Mediterrània, 
poden conduir al desenvolupament de poblacions genèticament divergents (Pollock, 
1993). 
 
Les captures de llagosta han minvat de forma continuada durant els darrers anys, 
amb la mitjana de captures descendent de forma alarmant tot al llarg de la seua 
distribució geogràfica (Goñi and Latrouite, 2005). Tot i que la present normativa regula 
una talla mínima de captura i estableix un període de veda de sis mesos i un màxim per a 
la quantitat de xarxes per vaixell, un percentatge considerable de les captures de llagosta 
podrien escapar al control de les administracions (Groeneveld, 2003). Donat que sembla 
impossible controlar la pesca indiscriminada per tota l’àrea de distribució, és evident que 
la regulació de les pesqueries de llagosta ha de passar per l’establiment d’àrees protegides 
que permeten d’abastir les zones sobreexplotades (Carr, 2000). La llagosta europea és 
una espècie candidata per als plans de protecció i conservació dels recursos marins 
sotmesos a explotació pesquera dins l’àmbit de la Unió Europea, inclosa en la llista 
d’espècies protegides en l’annex 3 de la Convenció de Berna (1979) i l’annex I de la llista 
d’espècies prioritàries per a la conservació de la SAC (AdriaMed, 2007). Per tal de 
desenvolupar programes de conservació adequats és molt important realitzar estudis 
previs sobre la connectivitat de les poblacions.  
 
Estudiar l’estructura poblacional és un pas fonamental per a definir l’existència 
d’unitats de gestió genèticament diferenciades, especialment en P. elephas, donada la 
seua rellevància econòmica i la implicació de diferents estats de la Unió Europea i el 
Nord d’Àfrica en la seua explotació comercial. A més a més, l’existència d’una fase 
larval de tan llarga duració ens permet utilitzar P.elephas com a model per tal de testar la 
relació entre la durada de la fase larval i l’estructuració genètica en les poblacions 
d’organismes marins. Així doncs, és necessari conèixer l’estructura de les poblacions de 
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llagosta i definir aquelles poblacions que són capaces de proporcionar nous reclutes a la 




1- To review phylogenetic inference methods with a special emphasis on inference 
from molecular sequence data. To point out the most relevant traits of methods 
such as maximum parsimony (MP), distance methods, maximum likelihood (ML) 
and Bayesian inference (BI). 
 
2- To provide new insights on the evolutionary relationships among Achelata 
lobsters using both slow and fast-evolving molecular markers, and to date the 
divergence time among taxa using the relaxed molecular clock. 
 
3- To develop a genomic library from a specimen of the European spiny lobster 
Palinurus elephas in order to obtain a set of polymorphic microsatellite markers.  
 
4- To compare genetic diversity levels and estimates of effective population size for 
the six known species of Palinurus using the microsatellite markers previously 
developed for P. elephas. 
 
5- To ascertain the phylogenetic relationships between species of the genus 
Palinurus and to test among conflicting evolutionary hypotheses, using both the 
classic distance-based and the more recently developed coalescent-based 
Approximate Bayesian Computation (ABC) methods. 
 
6- To study the phylogeography of the European spiny lobster using a portion of the 
COI gene as genetic marker and to analyse whether the present genetic variability 
and population structure of P. elephas is influenced by current and/or historical 
factors using P. mauritanicus as an outgroup. 
 
7- To assess the genetic structure of P. elephas populations between and within 
Atlantic and Mediterranean basins and to study the effect of the different 
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1- Revisar els mètodes actuals d'inferència filogenètica posant èmfasi en la inferència a 
partir de dades moleculars. Assenyalar els trets més importants dels mètodes de màxima 
parsimònia (MP), mètodes de distàncies, màxima versemblança (ML) i inferència 
Bayesiana (BI). 
 
2- Proporcionar noves perspectives sobre les relacions evolutives entre llagostes de 
l’infraordre Achelata utilitzant marcadors moleculars tant d’evolució lenta com 
d’evolució ràpida, i calcular el temps de divergència entre taxa utilitzant el mètode del 
rellotge molecular relaxat. 
 
3- Desenvolupar una genoteca per a la llagosta europea Palinurus elephas per tal 
d’obtenir un conjunt de marcadors microsatèl·lit polimòrfics. 
 
4- Comparar les mesures de diversitat genètica i grandària efectiva obtingudes en les sis 
espècies descrites del gènere Palinurus a partir dels marcadors microsatèl·lit prèviament 
desenvolupats. 
 
5- Estudiar les relacions filogenètiques entre espècies del gènere Palinurus i testar el 
suport de les dades moleculars a diferents hipòtesis evolutives, utilitzant tant els mètodes 
clàssics basats en distàncies com els mètodes recents basats en la teoria de la 
coalescència, com la Computació Bayesiana Aproximada (ABC). 
 
6- Estudiar la filogeografia de la llagosta europea utilitzant una porció del gen 
mitocondrial COI com a marcador genètic i P. mauritanicus com a outgroup, i analitzar si 
la variabilitat genètica i l’estructura de les poblacions de P. elephas estan influïdes per 
factors actuals i/o històrics. 
 
7- Avaluar l'estructura genètica de les poblacions de P. elephas dins i entre les conques 
atlàntica i mediterrània i estudiar l'efecte de les diferents estructures oceanogràfiques 
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RESUM / DISCUSSIÓ GLOBAL 
 
3.1. Reconstrucció Filogenètica: Estudi de divergències antigues. 
 
Inferència filogenètica i seqüències d’ADN 
 
La nostra revisió de l’inferència filogenètica a partir de dades moleculars ens ha 
apropat als mètodes més habituals per inferir les relacions filogenètiques entre diferents 
taxa utilitzant dades moleculars. La Màxima parsimònia (MP) busca trobar l'arbre 
compatible amb un nombre mínim de substitucions entre seqüències. Trobar el 
cladograma més parsimoniós és normalment una tasca computacionalment intensiva i, tot 
i que es poden emprar els ràpids algoritmes heurístics, no poden garantir trobar el 
cladograma òptim. L'anàlisi per parsimònia s'ha criticat perque exigix assumpcions molt 
estrictes, com ara la constància en les taxes de substitució entre gens ó llinatges. Així, el 
rendiment de la MP es deteriora quan les taxes mutationals difereixen entre nucleòtids o 
gens (Yang, 1996) o si les taxes evolutives són variables entre llinatges (Hendy and 
Penny, 1989). A mesura que s'analitzen seqüències més divergents, el grau global 
d'homoplàsia generalment augmenta, i això fa que menys probable que l’arbre amb el 
menor nombre de canvis siga l'arbre real. A més, quan dos llinatges evolutius que han 
sofert un nivell alt d’evolució estan separats per un llinatge curt, els llinatges llargs 
tendiran a unir-se de manera espúria. La combinació de condicions quan això ocorre 
s’anomena la 'Zona de Felsenstein', i la parsimònia és especialment sensible a aquest 
problema (Huelsenbeck and Crandall, 1997). Per altra banda, els mètodes de MP tenen 
alguns avantatges sobre altres mètodes filogenètics. L’anàlisi per parsimònia és molt útil 
per tractar amb caràcters morfològics o amb alguns tipus de dades moleculars com les 
insercions/deleccions. Els mètodes per distàncies, com ara el Neighbour Joining (NJ), 
tracten de reconstruir la topologia que millor represente la matriu de distàncies entre 
parells de taxa. Tanmateix, l'algoritme de NJ no garanteix trobar la millor solució global a 
una matriu de distàncies (Pearson et al., 1999). A més a més, el problema més seriós amb 
els mètodes de distàncies és que exigeixen una mesura fiable de les distàncies evolutives 
entre seqüències. Quan les taxes d’evolució varien entre posicions d’una seqüència, cal 
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corregir les distàncies obtingudes. En mètodes basats en models probabilístics, la 
correcció pot utilitzar informació de canvis en una part de l'arbre per corregir altres, però 
un mètode de distàncies és inherentment incapaç de propagar la informació d’aquesta 
manera. Així, els mètodes de distàncies utilitzen la informació sobre variació en les taxes 
de mutació de forma substancialment menys eficaçment que els mètodes probabilístics 
(Felsenstein 2004). Els mètodes basats en models probabilístics (p.e. màxima 
versemblança i inferència Bayesiana) permeten l'aplicació de models matemàtics que 
incorporen el nostre coneixement sobre els patrons típics d'evolució de seqüències, i 
permeten així fer inferències més potents. A més, utilitzen una metodologia estadística 
que permet testar diferents hipòtesis, permetent la validació dels resultats en totes les 
fases de l’anàlisi: permeten testar els valors dels paràmetres en models evolutius, els 
diferents models d’evolució, i fins i tot diferents hipòtesis de relació evolutives. 
Tanmateix, els mètodes de màxima versemblança (ML) no assignen directament 
probabilitats als paràmetres del model, i si volem descriure la incertesa en un paràmetre, 
hem de repetir els anàlisi moltes vegades (fent bootstrap), i augmentant el cost 
computacional. En la inferència Bayesian, la informació es pot obtindre directament a 
partir de la distribució conjunta dels paràmetres, obtesa amb un cost computacional 
raonable. Tot i això, una revisió de la literatura Bayesiana actual indica que es necessita 
posar molt més èmfasi en desenvolupar models més realistes, comprovar els efectes dels 
‘priors’, i controlar la convergència de les cadenes MCMC.  
 
Així, la revisió bibliogràfica duta a terme en aquesta tesi, ens duu a afirmar que 
les millors estimes filogenètiques s’obtenen utilitzant mètodes d'inferència robustos, 
capaços d’incorporar models evolutius realistes (Publicació 1). Les dues maneres més 
directes d'augmentar la precisió d'una inferència filogenètica són incloure més seqüències 
i/o augmentar la longitud de les seqüències utilitzades. Goldman (1998) va demostrar que 
afegir més seqüències a una anàlisi no augmenta la quantitat d'informació en diferents 
parts de l'arbre de manera uniforme, mentre que l'ús de seqüències més llargues sí que 
resulta en un augment lineal d’informació sobre la totalitat de l'arbre. Així, una 
aproximació particularment potent és analitzar les seqüències com una totalitat de gens 
concatenats. L'anàlisi més simple suposaria que tots els gens tingueren els mateixos 
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patrons i taxes d'evolució (Cao et al., 1994). Aquest mètode tan ingenu, però, només 
s'hauria d'utilitzar quan hi ha evidència substancial d'un mateix patró evolutiu en tots els 
gens. Altrament, les diferències entre patrons de substitució dels gens poden conduir cap 
a resultats esbiaixats. Avui en dia, l’anàlisis de seqüències concatenades és possible, 
tenint en compte l’heterogeneïtat de models evolutius entre els gens estudiats. Aquesta 
heterogeneïtat podria ser prou complexa com per deixar a cada gen evolucionar amb un 
model i amb una taxa de substitució diferent en tots els llinatges (Yang, 1996). Gràcies a 
la utilització de les tècniques de mostreig per MCMC, els models mixtes i basats en la 
probabilitat de diferents models evolutius, es podrien utilitzar fins i tot quan l'evolució és 
heterogènia (Pagel and Meade, 2004). 
 
Tanmateix, cal senyalar que les estimes filogenètiques bones en el fons depenen 
de l’existència de bons conjunts de dades. En general, un error sistemàtic afectarà 
qualsevol mètode de reconstrucció filogenètica. Situacions com atracció de branques 
llargues (LBA) i biaxos en la composició nucleotídica són exemples d’error sistemàtic. 
Quan inferim filogènies, intentem definir la successió real de divergències passades a 
partir de les seqüències actuals. Tanmateix, cal tenir en compte que l’extinció de taxa 
intermedis, la selecció i els paràmetres poblacionals poden influir en la intensitat del 
senyal filogenètic. En conclusió, la inferència filogenètica s'hauria d'enfocar no sols com 
a eina per aconseguir una resposta definitiva per a un problema taxonòmic, sino com a 
eina per incorporar noves preguntes sobre l'evolució de les molècules i la morfologia i per 
intentar descobrir les causes d’aquestes diferències en el procés d’evolució. 
 
Sistemàtica de les llagostes de l’infraordre Achelata (Scholtz and Richter, 1995). 
 
Aíxi, quan ens apropem a l’estudi de la sistemàtica de les llagostes de l’infraordre 
Achelata (Scholtz and Richter, 1995), la inclusió de gens d’evolució lenta i gens 
d’evolució ràpida i un mostreig ample de taxa (incloent-hi uns quants outgroups) ens ha 
permès resoldre, amb un suport estadístic elevat, algunes de les incerteses en les relacions 
entre grups dins de l’infraordre Achelata. Això indica que per a resoldre filogènies 
moleculars no solament és important augmentar el nombre de gens sinò també incloure-hi 
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més taxa (Rokas et al., 2005). Així, el conjunt de dades genètiques obtingudes indica una 
monofília recíproca de les famílies Palinuridae (llagostes) i Scyllaridae (castanyoles) i, 
per tant, contradiu la proposta de Förster d'un avantpassat tipus Linuparus com a origen 
dels Scyllaridae (Förster, 1973). A més a més, la classificació habitualment més 
acceptada, amb la presència de tres famílies dins del grup no queda suportada per 
l'evidència genètica, donat que els Synaxidae sempre es troben agrupats dins dels 
Palinuridae. De fet, tot i que altres autors havien proposat que els Synaxidae i els 
Palinuridae evolucionaven separadament des de l’aparició dels Pemphicidea en el 
Mesozoic (Glaessner 1969; George and Main, 1967), els nostres resultats donen suport a 
altres estudis previs que assenyalaven als Synaxidae com a grup polifilètic (Davie, 1990). 
Les relacions entre Palinurellus i Palibythus inferides a partir de les dades molecular 
clarament suporten la proposta de Davie (1990) d’establir sinonímia entre les actuals 
famílies Synaxidae i Palinuridae. Així, nosaltres recomanem formalment que aquesta 
taxonomia siga adoptada, és a dir, que el grup Achelata conste simplement de dues 
famílies, Palinuridae i Scyllaridae i que els Synaxidae siguen considerats sinònim de 
Palinuridae. 
 
Quan ens centrem en les relacions dins de la família Palinuridae, la proposta de 
George and Main (1967) de les tribus Silentes i Stridentes està suportada per l’evidència 
molecular, encara que amb un suport baix per al grup Stridentes. El clade Silentes sempre 
es recuperat com a monofilètic amb un suport estadístic elevat i amb unes relacions 
evolutives entre gèneres de Silentes que concorden molt bé amb les dades morfològiques, 
amb Palinurellus com el primer gènere en divergir i amb el llinatge que conté a Projasus, 
Sagmariasus i Jasus originant-se més tard. Tanmateix, les relacions filogenètiques 
inferides entre els gèneres de Stridentes difereixen de totes les hipòtesis prèviament 
proposades (George and Main, 1967; Baisre, 1994; Patek and Oakley, 2003). Les nostres 
dades moleculars suporten un clade Linuparus/Justitia, en lloc del clade 
Linuparus/Puerulus proposat anteriorment (George and Main, 1967; George 2006).Val a 
dir que l’existència d'aquest clade Linuparus/Justitia (publicació 2) no està només 
suportada per les dades moleculars, sino que també hi ha evidència morfològica que la 
recolza, ja que aquests dos gèneres són els únics Palinuridae on els genitals dels mascles 
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presenten una extensió de quitina a la base del cinquè parell de pereiòpodes (Holthuis, 
1991; Patek and Oakley, 2003). Al mateix temps, la posició d'aquest clade 
Linuparus/Justitia en relació als Silentes i la resta de gèneres Stridentes roman sense 
resoldre’s. La curta branca que separa els Silentes dels Stridentes podria ser indicativa 
d'una radiació ràpida dels tres principals llinatges de Palinuridae, el que faria difícil 
aconseguir un bon suport estadístic per a les agrupacions inferides. Com ja s’ha observat 
en altres taxa, els esdeveniments de radiació ràpida no són fàcils de resoldre amb els 
mètodes de reconstrucció filogenètica (Carreras-Carbonell et al., 2005; Rokas et al., 
2005). Incloent-hi més espècies que pertanyen als clades 2 i 3 (p. e. Puerulus i 
Palinustus) podria ajudar a resoldre la monofília dels gèneres de Stridentes. En particular, 
augmentant l'esforç de mostreig sobre el gènere Palinustus permetria també testar el 
suggeriment de George (2006) que les espècies de Palinustus han sobreviscut com a 
espécies relicte als tres oceans principals després de la fragmentació del Tethys. 
 
En comptes d'un clade Palinurus/Puerulus (Baisre, 1994), el conjunt de dades 
molecular suporta l'existència d'un clade Palinurus /Panulirus /Palibythus (clade 3). 
Aquest resultat és força interessant, ja que la morfologia de Palibythus és especialment 
divergent i la seva posició dins de Palinuridae romania sense resoldre fins ara (Patek and 
Oakley, 2003). A més, Panulirus i Palibythus són els únics Stridentes que mostren unes 
grans files d’espines en la placa antennular (Davie, 1990; Patek and Oakley, 2003). 
Finalment, les dues clades principals trobades dins dels Scyllaridae estan d'acord amb 
inferències prèvies basades en dades morfològiques (Holthuis, 1991). Tot i que el clade 
Arctidinae /Ibacinae mostrava un suport molt baix, les dues subfamílies comparteixen la 
presència de maxil.lípedes 1-3 multiarticulats, mentre als Theninae i Scyllarinae els 
manquen els flagels en els maxil.lípedes 1 i 3. Així, augmentar el mostreig d'espècies 
dins d'aquesta família podria ajudar a donar suport a aquestes agrupacions. 
 
Pel que fa a les implicacions de l’anàlisi filogenètica més enllà de les relacions 
evolutives i la sistemàtica, en la publicació 2 ens hem interessat per incorporar 
informació temporal i de distribució de les espècies en la interpretació dels resultats de 
l’anàlisi molecular. Per una banda, l'anàlisi biogeogràfica ens permet trobar la hipòtesi 
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més parsimoniosa que relacione un cladograma d'àrees de distribució conegudes i un 
arbre filogenètic. Donat que podem trobar patrons biogeogràfics múltiples, hem utilitzat 
tècniques basades en la màxima parsimònia per tal de desentranyar històries de 
distribució reticulades (Upchurch, 2008). No obstant això, s'hauria d'assenyalar primer 
que res que l'anàlisi biogeogràfica dels Achelata presenta unes quantes limitacions, ja que 
la majoria dels gèneres de llagosta tenen una distribució molt ampla i pot no haver-hi 
prou exemplars de cada grup per a traçar acuradament les divergències de les àrees de 
distribució corresponents, especialment en el cas del gènere Panulirus i els escil.làrids, 
que són molt diversos. Els resultats obtinguts en la nostra anàlisi amb el software 
TreeFitter apunten a un origen dels Achelata en l’indo-Pacífic (regió de l’antic Tethys), ja 
que el cladograma d’àrees que presentava un cost més baix (Cost: 21) és el que inclou 
l'oceà Índic com a zona basal. Sota el model de quatre esdeveniments de Ronquist, els 
esdeveniments de duplicació en la filogènia dels Achelata són significativament més 
freqüents, i correspondrien a processos d’especiació simpàtrida o especiació al·lopàtrida 
en resposta a una barrera temporal (Ronquist, 2001). D'acord amb això, estudis previs han 
proposat que les barreres a la dispersió larval podrien ser responsables del patró 
d'especiació observat en algunes llagostes del gènere Panulirus (Pollock, 1993). 
Tanmateix, ajustar cladogrames d'àrea per reflectir el canvi dinàmic de les barreres 
oceanogràfiques al llarg del temps no és senzill i es necessita molta més recerca per 
refinar els mètodes actuals de reconstrucció biogeogràfica (Upchurch, 2008). 
 
Per altra banda, la datació de la divergència entre les dues principals famílies 
d'Achelata (125-178 Mya) obtinguda amb el mètode del rellotge relaxat és compatible 
amb la hipòtesi prèvia d'un origen Triàssic dels Achelata (Porter et al., 2005; George, 
2006). La gran extinció del Permià (251 Mya), amb la desaparició de fins un 96 per cent 
de totes les espècies marines, va permetre una gran expansió de nous grups taxonòmics 
disposats a ocupar els hàbitats buits (Lopez-Gomez and Taylor, 2005). Els primers fòssils 
semblants als Achelata apareixen abans del Triàssic (250-190 Mya) (Pemphix sueurii 
Meyer 1839 i Palinurus sueurii Desmarest 1822), però els fòssils que es poden assignar 
de manera segura als Achelata són de principis del Juràssic (Palinurina Munster 1839, 
Palaeopalinurus Bachmeyer, 1954 i Cancrinos Munster 1839), i coincideixen amb la 
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primera ruptura de Pangaea fa aproximadament 180 Mya. La separació de les dues 
principals famílies d’Achelata es podria relacionar així amb l'origen de l'Oceà Tethys; ja 
que els fòssils d’Achelata del Cretaci Mitjà (Estrats Aptià i Albià, al voltant de 110-120 
Mya) ja mostren clarament la divergència entre les dues famílies principals: Palinuridae 
(Astacodes falcifer Bell 1863, Palinurus palaciosi Vega et al. 2006) i Scyllaridae 
(Scyllarella gardneri Woods 1925, Scyllarides punctatus Woods 1925). 
 
L'origen dels grups principals dins de cada família estaria així localitzat en el 
període que abarca des del final del Cretaci inferior fins al començament del Cretaci 
superior (Cenomanià, aproximadament 100 Mya). Val a dir que el Cenomanià va suposar 
el nivell del mar més alt observat durant els passats sis-cents milions d'anys 
(aproximadament 150 metres per damunt del nivell del mar actual) (Gradstein et al., 
2004). La divergència dels grups Silentes/Stridentes va tenir un impacte significatiu en 
l'evolució dels Palinuridae. L'adquisició d'una estructura complexa com l'òrgan stridulant 
va representar un avantatge adaptatiu important, millorant les possibilitats de fugida d'un 
predador (Lewis and Cane, 1990). Tanmateix, la monofília dels Stridentes no està 
fortament suportada en la nostra anàlisi molecular, el que no ens permet afirmar si els 
Stridentes (incloent Linuparus/Justitia) representen un llinatge monofilètic. No obstant 
això, la monofília dels Silentes està inequívocament suportada i la seva divergència 
aproximada 75 Mya (55-125Mya) és coherent amb el registre fòssil (Glaessner, 1969). 
Així, els gèneres de Silentes haurien pogut originar-se a l’Hemisferi Sud, coincidint amb 
la formació d’Austràlia i l’Antàrtida. El gènere fòssil de l’Eocé Archeocarabus suposaria 
així una forma transitòria que duria al present grup de gèneres Jasus, Sagmariasus i 
Projasus (Woods, 1931). De fet, la data estimada per a l’avantpassat comú més recent 
(MRCA) de Jasus, Sagmariasus i Projasus correspon a l'Eocé (39 Mya), tot i que 
Archeocarabus no va ser utilitzat per calibrar el rellotge molecular. 
 
Entre els gèneres de Stridentes, Panulirus no es troba representat en el registre 
fòssil i per això tradicionalment se suposava que s’havia originat recentment (Miocé, 
aproximadament 20 Mya) a partir d’un ancestre tipus Palinurus (George and Main, 1967; 
George 2006). Nogensmenys, treballs previs inferien un origen anterior del gènere 
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Panulirus i les evidències tant morfològiques com genètiques assenyalen a l’espècie 
Atlàntica P. argus (Latreille, 1804) com a representant de la primera espècie que 
divergeix dins del linatge (Ptacek et al., 2001). Curiosament, la nostra data estimada de 
divergència per al clade Panulirus/Palibythus - Palinurus és al voltant de cinc vegades 
més antiga que el temps de divergència assumit tradicionalment i suggereix que els 
gèneres es poden haver separat amb la formació de l'oceà Atlàntic fa al voltant de 100 
Mya. Els nostres resultats coincideixen amb estimes independents prèviament obtingudes 
a partir de seqüències de les hemocianines de tipus d'alfa de Palinurus elephas i 
Panulirus interruptus (Kusche et al., 2003). 
 
En conclusió, els nostres resultats indiquen que els Achelata formen un grup 
monofilètic de crustacis decàpodes compost de dues famílies principals: Palinuridae i 
Scyllaridae. L'anàlisi molecular confirma Synaxidae com un grup polifilètic, que s'hauria 
d'incloure dins de Palinuridae. La família Palinuridae presentaria així tres llinatges 
principals: 1) els Silentes, incloent-hi l'anterior gènere sinàxid Palinurellus; 2) un clade 
Linuparus/Justitia i 3) un clade principal de Stridentes, que inclouria Puerulus, 
Palinustus, Palinurus, Panulirus i l'anterior sinàxid Palibythus. A més, les dues clades 
principals trobades dins dels Scyllaridae estan d'acord amb la taxonomia actual basada en 
dades morfològiques d’adults. Finalment, la datació de divergències dins d'Achelata 
obtingudes amb el mètode del rellotge relaxat és compatible amb les hipòtesis prèvies 
d'un origen Triàssic de les llagostes Achelata. L'ús simultani de marcadors moleculars 
d’evolució lenta i ràpida i un mostreig ample de diferents taxa han demostrat ser eficaces 
per resoldre les incerteses trobades en aproximacions prèvies i han permés obtenir 
estimes de divergència coherents fins i tot utilitzant un registre fòssil incomplet. 
Finalment, l'aproximació filogenètica utilitzada en el nostre estudi es podria generalitzar 
per resoldre incerteses en la classificació en altres grups taxonòmics i comparar hipòtesis 
evolutives en conflicte.  
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3.2. Reconstrucció Filogenètica: Estudi de divergències recents a Palinurus.  
 
L’obtenció d’un nou conjunt de marcadors nuclears d’evolució ràpida 
(microsatèl.lits) per a la llagosta vermella (Palinurus elephas) (publicació 3), marca una 
nova pauta en el desenvolupament d’aquesta tesi, acostant-nos a processos d’evolució 
molt més recents. Els desavantatges que presenten els microsatèl.lits com ara els elevats 
costos econòmics i les dificultats per trobar microsatèl·lits nous en genomes complexes, 
poden trobar-se compensats si utilitzem els marcadors desenvolupats en una espècie per a 
estudiar altres espècies properes. Així, els marcadors obtesos en Palinurus elephas ens va 
permetre elaborar un estudi on investiguem els nivells de diversitat genètica en les 
diferents espècies del gènere Palinurus (publicació 4) i desenvolupar una anàlisi 
filogenètica dels processos d’especiació dins del gènere (publicació 5). Gràcies als nous 
mètodes de computació bayeiana aproximada, basats en la teoria de la coalescència, vam 
poder testar diferents hipòtesi evolutives dins del gènere Palinurus i acostar-nos una mica 
més a la descripció dels processos d’especiació en el medi marí.   
 
Diversitat genètica en espècies del gènere Palinurus Weber, 1795. 
 
Els nostres estudis sobre diversitat genètica en espècies del gènere Palinurus 
(Weber, 1795), indiquen que els microsatèl·lits desenvolupats en Palinurus elephas 
amplifiquen en totes les espècies de Palinurus conegudes, amb un percentatge de 
marcadors polimòrfics del 100% per a totes les espècies excepte P. barbarae (publicació 
4). Estudis previs en peixos marins ja havien indicat una relació negativa entre l’èxit 
d'amplificació dels microsatèl·lits, calculat com a proporció de loci amplificats, i la 
distància evolutiva entre espècies (Carreras-Carbonell et al., 2008). A més a més, 
Groeneveld et al. (2007) van trobar recenment que la divergència en seqüències de 
mtDNA més gran entre dues espècies de Palinurus (8.24%) es dona entre P. elephas i P. 
barbarae. Aquesta distribució de l’èxit d'amplificació, sent més baix amb una distància 
filogenètica major, també podria explicar el nombre més elevat d’al·lels nuls trobats en 
alguns loci en les espècies de l'hemisferi sud. 
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La diversitat genètica i els valors de Fis trobats en espècies de Palinurus utilitzant 
els marcadors microsatèl·lit són similars a les trobades en altres decàpodes marins 
(Robainas et al. 2002; Urbani et al. 1998). Malgrat les diferències en tamany mostral en 
les espècies incloses en els nostres estudis (causat per dificultats en el mostreig d’algunes 
espècies), els mètodes de rarefacció en han permés comparar la riquesa al.lèlica entre 
espècies de Palinurus. Generalment, les espècies amb una àrea de distribució gran 
tendeixen a tenir nivells més alts de diversitat genètica que les espècies endèmiques, 
geogràficament restringides (Avise and Hamrick 1996; Cole 2003). Contradient aquesta 
tendència, P. charlestoni va mostrar el segon valor de diversitat genètica més alt 
(publicació 4). De fet, la tendència trobada va ser que la riquesa al.lèlica és 
consistentment més alta en espècies d'aigua poc profunda que en les espècies d'aigua 
profunda, independentment del nombre de genotips analitzats. Els valors aproximats per a 
espècies d'aigua poc profunda generalment doblen aquells de congèners d'aigua profunda. 
Així, una diversitat genètica i una consanguinitat més alta en P. mauritanicus, P. 
delagoae o P. barbarae són probablement degudes a què les poblacions són més petites 
en espècies d’aigües profundes. 
 
La teoria de genètica de poblacions suggereix que només les poblacions molt 
petites pateixen una pèrdua significativa de diversitat genètica, a partir d’una grandària 
efectiva (Ne) mínima de 50-500 individus (Ellstrand and Elam 1993). Per a les pesqueries 
marines, fins i tot les poblacions "col·lapsades" tenen normalment tamanys censals (N) 
d'uns quants milions d'individus, de manera que hi ha generalment poca preocupació 
sobre la pèrdua de diversitat genètica, tot i que els efectes de la sobrepesca sobre la 
diversitat de les espècies i la seva abundància estan ben documentades (Hutchings 2000; 
Law 2007). Per altra banda, la gran majoria d’organismes marins es caracteritzen per 
corbes de supervivència tipus III, amb una combinació d'alta fecunditat i elevada 
mortalitat juvenil. Aquestes característiques de cicle vital generen una variància molt alta 
en l'èxit reproductiu, el que pot deprimir Ne substancialment i provocar proporcions 
Ne/N extremadament baixes (Hedgecock 1994). Per exemple, la grandària efectiva pot 
ser unes quantes ordres de magnitud més petita que la mida censal en peixos marins, 
produint unes proporcions Ne/N de 10-5 a 10-3 (Hauser et al. 2002). Considerant les 
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grandàries efectives poblacionals calculades en espècies de Palinurus amb l’estimador 
d'homozigositat (H) de Kimmel et al. (1998) i la fórmula de Nei (1987) i utilitzant la ratio 
Ne/N de 10-3 - 10-5 trobada en altres espècies marines, els tamanys censals de les 
espècies de Palinurus se n'anirien ben bé per sobre d’uns quants milions d'individus. 
Recíprocament, poblacions d'uns quants milions d'individus poden representar de fet 
grandàries efectives molt més petites. Per això, moltes poblacions marines sotmeses a 
explotació poden estar en perill de perdre variabilitat genètica a llarg termini, malgrat que 
les seves biomasses siguin grans. 
 
Recentment s’ha estudiat la filogeografia d’unes quantes espècies del gènere 
Palinurus utilitzant gens mitocondrials com CR i COI (Tolley et al., 2005; Gopal et al., 
2006; publicació 6). En tots els casos, el mtDNA presentava una diversitat haplotípica 
bastant alta amb la presència d'un haplotip majoritari i un nombre gran d’haplotips 
estretament relacionats. Aquest patró de distribució d'haplotips podria indicar la presència 
d'un coll d’ampolla provocat per fluctuacions demogràfiques (Harpending 1994). 
Tanmateix, la selecció sobre la molècula de mtDNA també podria provocar que els 
haplotips actuals foren molt semblants entre ells (Stephens 2007). Si els patrons de 
diversitat genètica del mtDNA són causats per la selecció, utilitzar marcadors nuclears 
selectivament neutres ens donarà una comprensió més completa de la distribució de 
diversitat genètica d’aquestes espècies. Pel que fa a la inferència de canvis demogràfics 
per als quals la signatura genètica encara està manifesta, el programa BOTTLENECK no 
va ser capaç de proporcionar resultats concloents per a cap espècie analitzada. Aquest 
resultat es pot relacionar amb una potència insuficient del mètode per detectar colls 
d’ampolla forts i molt recents donat el nombre de loci analitzats (Luikart and Cornuet 
1998). La presència d'al·lels nuls també podria tenir un efecte negatiu sobre els resultats 
(Luikart and Cornuet 1998). No obstant això, quan es va utilitzar el mètode de Kimmel et 
al. (1998), totes les espècies de Palinurus van mostrar una senyal clara de canvis 
demogràfics, el que estaria d'acord amb els estudis previs usant mtDNA. 
 
Per altra banda, no és sorprenent trobar aquest senyal en totes les espècies, ja que 
si la població experimenta un colls d’ampolla que precedeix expansió, hi haurà un 
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període molt llarg (uns quants mils de generacions) durant el qual s’infereix un coll 
d’ampolla abans de mostrar-se la signatura d'expansió. Així, l'efecte de selecció sobre el 
mtDNA no s'hauria de descartar. Interessantment, la comparació del mtDNA entre 
congèners d'aigua poc profunda i els de bentos batial (>200 m) ens indica que les 
espècies d'aigües profundes tenen nivells de diversitat haplotípica més alts que els seus 
homòlegs d'aigua menys profunda. Per això, les espècies amb la diversitat genètica més 
alta per a marcadors microsatèl·lit (espècie d'aigües poc profundes) serien aquelles que 
mostren un valor de diversitat haplotípica més baix en utilitzar dades de seqüència de 
mtDNA. Una causa probable del patró observat seria que la selecció sobre el mtDNA ha 
estat més forta en espècies d'aigües més superficials, ja que els ambients d'aigua profunda 
tendeixen a ser més estables quant a variacions de temperatura. Segons la hipòtesi del 
“Genetic Draft” d’en Gillespie, la reducció de la variació genètica provocada per 
escombratges selectius recurrents, equilibraria els nivells de diversitat neutra (que 
esperariem foren més grans en poblacions més grans), fent que la variació genètica siga 
independent de la mida poblacional (Bazin et al. 2006; publicació 6). Així, s’explicarien 
els valors de diversitat de mtDNA més petits en espècies d'aigua poc profunda malgrat 
que les seves grandàries poblacionals foren més grans (com ens indiquen els marcadors 
nuclears). 
 
En conclusió, ha estat confirmat que els marcadors microsatèl·lit desenvolupats 
per a Palinurus elephas són polimòrfics en les altres espècies de Palinurus conegudes. La  
grandària efectiva poblacional en espècies de Palinurus, calculades mitjançant 
l'estimador d'homozigositat (H) de Kimmel et al. (1998) i la fórmula de Nei (1987) seria 
unes quantes ordres de magnitud més petita que les mides censals corresponents 
calculades a partir de les dades de pesqueries (FAO, 2008), de manera que milions 
d'individus serien equivalents a una grandària efectiva poblacional de només centenars o 
milers. Més important encara és el fet que les espècies d'aigua profunda presenten una 
grandària efectiva poblacional més baixa comparades als seus homòlegs d'aigua poc 
profunda. Això farà que les espècies d'aigua profunda siguen més sensibles a la 
sobreexplotació i, consegüentment, que la sobrepesca tinga un efecte molt més gran sobre 
la diversitat genètica d’aquestes espècies a llarg termini.
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Filogènia i especiació en el gènere Palinurus Weber, 1795. 
 
Al treball previ amb l’utilització de seqüències d’ADN nuclear i mitocondrial 
(publicació 2), es va poder recuperar Palinurus elephas com a la primera espècie a 
divergir dins del gènere, encara que les relacions entre les altres espècies del gènere 
Palinurus no es van poder ressoldre degut a la manca de variabilitat en la major part de 
les seqüències. De fet, alguns dels gens mitocondrials van presentar una notable manca de 
polimorfisme nucleotídic. És interessant resaltar que, dins d’una mateixa espècie (p.e. P. 
mauritanicus), alguns gens mitocondrials no presentaven variabilitat mentre que altres sí 
eren variables. Un procés demogràfic, com per exemple un coll d’ampolla molt fort, 
reduiria la variabilitat de forma global a tots els gens mitocondrials, donat que aquest 
genoma representa un sol grup de lligament. Per altra banda, un procés de selecció també 
tendeix a reduir de forma global el polimorfisme en la molècula seleccionada, però una 
grandària efectiva considerable permetria l’existència de diferents individus amb una 
mateixa variant d’un gen. El fet que aquesta variant fora seleccionada en més d’un 
llinatge dins de l’espècie ajudaria al manteniment de part de la variabilitat ancestral en les 
regions no seleccionades. A més a més, s’ha de tenir en compte que si una regió concreta 
està sotmesa a la selecció, la variabilitat que es forma per mutació seria seleccionada en 
contra per a eixa regió en concret, però no per a la resta de la molècula i això també faria 
que la taxa de mutació semblara comparativament menor en una regió del genoma que en 
una altra. 
 
Les nostres anàlisis filogenètiques dins del gènere Palinurus utilitzant un conjunt 
de loci nuclear polimòrfic (microsatèl.lits) i els mètodes clàssics basats en distàncies, 
sostenen un patró d'especiació amb totes les espècies africanes formant un clade 
monofilètic (Publicació 5). A més, la combinació de marcadors nuclears i mtDNA amb 
els mètodes recenment desenvolupats basats en coalescència (ABC: Computació 
Bayesiana Aproximada) ens ha permès testar la hipòtesi prèviament suggerida que suposa 
que P. charlestoni es va originar a partir d'un avantpassat sud-africà tipus P. gilchristi 
(Groeneveld et al., 2007). Els resultats obtesos amb les dades microsatèl.lit senyalen que 
un patró d'especiació Nord-Sud és més coherent amb el conjunt de dades moleculars. 
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Aquest procés d'especiació Nord-Sud seria també congruent amb les corrents d’aigua en 
la costa occidental d'Àfrica. El corrent Canari flueix al llarg de l’any cap a l'equador 
(Wooster et al. 1976; Batten et al. 2000), mentre que el corrent d'Angola flueix prop de la 
costa d'Àfrica des de 2ºN fins a 20ºS. Les larves teleplàniques com la filosoma podrien 
haver estat transportades pel corrent d'Angola, que es comunica amb la branca de gir del 
corrent de Benguela, viatjant més cap al sud. Per això, algunes larves podrien haver 
colonitzat aigües africanes utilitzant un sistema de corrents semblant a una cinta 
transportadora. A més a més, s'hauria d'assenyalar que aquesta hipòtesi d'especiació 
Nord-Sud també és coherent amb les anàlisis filogenètiques prèvies amb dades de 
seqüència de mtDNA (Groeneveld et al., 2007). Tanmateix, abans que el fet de si les 
larves podrien haver arribat a l'Àfrica del sud, sembla haver una qüestió més important 
per resoldre: eren les aigües sud africanes un ambient idoni per a que les espècies de 
Palinurus pogueren sobreviure i proliferar? 
 
Un estudi filogeogràfic previ utilitzant part del gen COI i les taxes de mutació 
estàndards per a crustacis decapoda, havia trobat que el temps de divergència entre P. 
elephas i P. mauritanicus era molt més recent que el proposat per Groeneveld et al. 
(2007) (publicació 6). Un altre estudi en les relacions evolutives dins de l'infraordre 
Achelata, va mostrat que hi ha variació genètica entre espècies de Palinurus (excepte a P. 
elephas) quan s’analitzaven dades de seqüència per a gens nuclears (publicació 2). Tota 
aquesta evidència sembla indicar que un procés d'especiació molt recent hauria estat 
responsable de l'origen de les espècies de Palinurus, tot i que una taxa de mutació 
extremadament baixa també es podria invocar per a explicar la manca de diferenciació 
genètica. D'acord amb l’evidència prèvia, les simulacions per coalescència fetes en la 
publicació 5 indiquen que no és probable que el conjunt de dades moleculars observat 
resulti d'una taxa de mutació baixa mentre que la taxa de mutació més ràpida està ben 
suportada independentment de la hipòtesi d'especiació assumida. Les taxes de mutació 
marquen la diferència en aquest cas, ja que és obvi que les dades genètiques són només la 
meitat de la història i que l'especiació hauria de ser coherent amb altra informació 
independent disponible. Així, els temps de divergència obtinguts per a les espècies de 
Palinurus utilitzant les taxes de mutació estàndards coincideixen amb els processos 
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relacionats amb les glaciacions ocorreguts durant els darrers 2 My (Prange et al. 2002). 
És conegut que els canvis climàtics del Pliocé, tant a l'Hemisferi Nord com al Sud, 
tingueren un gran impacte en l'evolució de molts organismes terrestres (deMenocal, 
2004). Per això, la pregunta sorgeix directament: Com afectaren tots aquests canvis els 
patrons de circulació d'oceans en l’Atlàntic sud i, especialment, com afectaren a 
l’ambient marí de l'Àfrica del sud? 
 
Durant el Pliocé, el canvi més important en la circulació dels oceans està 
relacionat amb el tancament gradual de l'Istme de Panamà fa ara entre 5 i 3 Mya (Marlow 
et al., 2000; Prange et al. 2002). L’intercanvi de masses d'aigua tropical de l’Atlàntic i 
Pacific es va aturar i s’establí la circulació actual amb una influència forta de l’Aigua 
Profunda de l’Atlàntic Nord sobre la circulació global, amb una intensificació forta del 
sistema d'aflorament de Benguela (Prange and Schulz, 2004). Tot i que l’aflorament de 
Namíbia probablement començara durant el Miocé (Siesser, 1980), el màxim de 
diatomees Matuyama (~2 Mya) marca la transició d'un periode càlid a un mode fred de 
control dels afloraments al llarg de la costa sud-oest africana (Lange et al., 1999). Marlow 
et al. (2000) han demostrat que el sistema d'aflorament de Benguela es va tornar més 
pronunciat cap als 2.1 a 1.9 Mya i s’intensificà durant el període que condueix al 
començament dels cicles glacials de 100 kyr, ara fa uns 0.6 Mya. La intensificació 
d'aquest aflorament va tenir una influència directa, refredant les aigües marines de Sud-
Àfrica (Marlow et al., 2000). La temperatura superfícial mitjana en aigües africanes, 
directament afectada per aquest sistema d’aflorament, va baixar des de 26°C en el Pliocé 
mitjà (3.5 Mya) fins a 18°C en l’actualitat (Marlow et al., 2000). Això ens fa concloure 
que la temperatura de l'aigua a Sud-Àfrica no hauria permès l'expansió d'un gènere 
d'aigua freda com Palinurus fins a finals del Pleistocé, ja que les espècies de Palinurus es 
troben generalment entre 11-18ºC (Holthuis, 1991; Groeneveld et al., 2007). En efecte, 
segons les estimes de divergència obtingudes amb els mètodes ABC, els llinatges de P. 
chalestoni i P. gilchristi haurien divergit fa només uns 550 kyr, just després que les 
aigües africanes es tornessin adequades per a la supervivència d’espècies de Palinurus. A 
més a més, val a dir que P. barbarae sembla estar especialment adaptada a ambients més 
càlids, ja que és l'única espècie de Palinurus que es troba habitualment en aigües per 
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damunt dels 16ºC (Groeneveld et al., 2007), el que també concordaria amb la hipòtesi 
d’especiació Nord-Sud. 
 
Per altra banda, les anàlisis basades en individus en lloc d’espècies, van mostrar 
que la monofília no està ben suportada en espècies del gènere Palinurus de l'Oceà Índic 
Occidental i l’Atlàntic Oriental. Aquest resultat és coherent amb la teoria de la 
coalescència, que afirma que poden persistir llinatges polifilètics entre espècies fins i tot 
molt de temps després de divergir (Tajima 1984; Palumbi, 1998). De fet, amb una 
grandària efectiva ancestral d'aproximadament 20,000 individus (publicació 4) i un temps 
de generació de 4-10 anys, es necessitaria un total de 160-400 kyr perquè es fixéssin els 
llinatges. Això estaria perfectament d'acord amb els temps de divergència estimats a 
partir de conjunt de dades combinat (mtDNA+microsatèl.lits), ja que les anàlisis basades 
en individus ens mostren que la separació incompleta de llinatges és més evident en el 
parell d'espècies que han divergit fa menys temps, P. delagoae i P. barbarae (~89 kyr).  
 
De totes formes, això no significa que la inferència basada en els marcadors 
microsatèl·lits siga completament fiable i perfecta. Donat que els models d’evolució 
molecular són els que ens expliquen com ha ocorregut la divergència entre espècies, és 
crític que les seves limitacions es tinguen en compte (Avise, 2000). El model utilitzat en 
els nostres treballs suposa que només la deriva genètica i la immigració estan implicades 
en el canvi genètic, és a dir, que la selecció és insignificant i les poblacions estan en 
equilibri (Chakraborty and Leimar, 1987). Així, l’actuació de la selecció sobre els 
marcadors microsatèl·lit podria distorsionar les assumpcions del model i obligaria a 
canviar les interpretacions. Altres problemes específics de l’inferència filogenètica 
basada en els microsatèl·lits estarien relacionats amb una limitació en el tamany dels 
al.lels, ja que normalment es manté el nombre de repeticions per sota d'un cert llindar 
(Bowcock et al., 1991). Estudis previs han mostrat que el model de mutació stepwise 
(SMM) explica relativament bé els processos evolutius de molts loci microsatèl·lit (p. e. 
Weber and Wong, 1993). Tanmateix, tenir mostrejats un nombre considerable de loci 
microsatèl·lit permet que el soroll fet per loci que evolucionen de forma irregular es 
redueixi (Takezaki and Nei, 1996).  
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 En conclusió, el patró d'especiació trobat en Palinurus és un exemple típic dels 
processos d'especiació ràpida dins d'un grup, amb branques molt curtes separant les 
diferents espècies. Les eines moleculars han ajudat a descobrir divergències recents en 
una àmplia varietat de taxa i ens han proporcionat unes quantes pistes sobre els 
mecanismes, el ritme i la geografia de l’especiació marina (Knowlton 1993; Lessios et al. 
2001). La inferència filogenètica a partir de dades moleculars pot ajudar a documentar el 
patró geogràfic i cronològic de la formació d'espècies, sempre que estiga acoblat amb 
informació sobre la història geològica de les regions i els corrents oceànics que poden 
proporcionar corredors de dispersió. En efecte, l'evidència genètica suggereix que molts 
grups d'espècies són relativament recents, originant-se després del començament del 
Pleistocé, durant els darrers 2 Mya (Palumbi 1996; Barber et al. 2002). Aquests 
esdeveniments d'especiació recent proporcionen una gran oportunitat per a analitzar el 
procés d'especiació en organismes marins, i permeten que una combinació de dades 
genètiques, morfològiques i biogeogràfiques siguen utilitzades per contestar diferents 
qüestions sobre els mecanismes d'especiació. El nostre estudi demostra que és més 
probable que les petjades sobre la formació de les espècies s'identifiquin quan comparem 
espècies que han divergit fa poc, ja que la diferenciació genètica es pot relacionar amb els 
diferents processos d'especiació proposats. 
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3.3. Diversitat genètica i diferenciació en poblacions de llagosta vermella (Palinurus 
elephas) de l’Atlàntic i la Mediterrània. 
 
Fins ara hem discutit els resultats obtinguts en els estudis filogenètics de 
divergències antigues, duts a terme per tal de reconstruir les relacions evolutives entre 
grans grups dins dels Achelata, i els resultats obtinguts en els estudis filogenètics de 
divergències més recents, que ens permeten identificar quins processos han tingut un 
paper fonamental en l’expansió i diversificació de les llagostes del gènere Palinurus. 
Tanmateix, l’evolució no és un fet passat. L’evolució segueix actuant de forma continua 
sobre les poblacions de llagosta, i els efectes dels processos històrics més recents 
segueixen tenint un impacte sobre la diversitat de les espècies avui en dia. De fet, les 
característiques biològiques de les llagostes, com per exemple la seva extraordinària 
capacitat de dispersió larval, juntament amb la manca aparent de barreres físiques al flux 
gènic al mar, fan especialment interessant l'estudi de la variació genètica actual en les 
poblacions d'aquests crustacis.  
 
Filogeografia en Palinurus elephas. 
 
Tot i que la presència d'un haplotip abundant per tota l'àrea de distribució de 
l'espècie indica un grau alt d'homogeneïtat genètica entre poblacions, l'anàlisi de les 
dades de freqüències haplotípiques va revelar l'existència d'estructuració de població 
geogràfica. La diferenciació genètica trobada entre les regions atlàntiques i mediterrànies 
va resultar significativa i podria ser explicada per una restricció del flux gènic entre 
poblacions. Mentre que el test de Mantel mostra un patró d'aïllament per distància (IBD) 
quan s’inclouen totes les localitats mostrejades, l'anàlisi de les localitats mediterrànies i 
atlàntiques per separat no va ser capaç de detectar-lo, indicant que aquest patró podria ser 
espuri i resultat de la restricció del flux gènic a través de l'Estret de Gibraltar. Aquests 
resultats assenyalen cap a una possible reducció en la capacitat de dispersió de la larva 
filosoma en comparació amb els nivells esperats donada la seva llarga duració 
planctònica (Mercer, 1973; Marin, 1985). De fet, aquesta reducció es podria relacionar 
amb la dinàmica de processos oceànics a mesoescala o amb una possible filopatria dels 
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juvenils, que podrien tenir un efecte de compensació sobre la dispersió global (Naylor, 
2005, 2006). L'anàlisi de components principals suggereix l'existència de quatre grups de 
poblacions en P. elephas (publicació 6). Les dues localitats amb una distribució més 
septentrional formen el grup més diferenciat. Curiosament, l'existència de diferenciació 
genètica entre Bretanya i mostres d’Irlanda-Escòcia també s'ha trobat en el peix 
Pomatoschistus microps i l'alga Fucus serratus (Gysels et al., 2004; Hoarau et al., 2007) i 
podria ser causada per el Gulf Stream, que colpeix el subcontinent europeu 
aproximadament al sud d'Irlanda (Jakobsen et al., 2003). El Gulf Stream es divideix 
llavors en un corrent cap al nord i un corrent sud cap a l’Europa continental de manera 
que la seva influència podria reduir el flux gènic entre aquestes àrees. D'acord amb això, 
un segon grup era format per les poblacions atlàntiques trobades al Canal de la Mànega i 
l'àrea del Golf de Biscaia, que són influïdes per la branca sud del Gulf Stream. A més a 
més, la mostra de Portugal s'agrupava amb aquelles poblacions mediterrànies (Sardenya, 
Tunísia i Sicília) que reben una influència més forta d'aigües atlàntiques (Millot, 2005). 
L'aigua atlàntica superficial  ingressa a la Mediterrània a través de l'Estret de Gibraltar i, 
després de creuar el Mar Alboran formant dos girs anticiclònics, viatja cap a les costes 
del nord d'Àfrica, formant el Front d'Almeria-Oran, i cap al Canal de Sicília, que separa 
les conques occidental i oriental de la Mediterrània. Alguns girs se separen sovint cap al 
nord, cap a Sardenya i les Balears (Millot, 2005). Les dues poblacions més diferenciades 
de P. elephas dins de la Mediterrània són aquelles localitzades a la conca nord-occidental, 
que són precisament les àrees sota una menor influència d'aigua atlàntica i constitueixen 
les aigües mediterrànies més diferenciades (Salat, 1996). En aquesta àrea, l'aparició dels 
Corrents balears formen un gir ciclònic, que podria afavorir la retenció larval. Els nostres 
resultats indiquen que tot i que l'estructuració poblacional en una espècie marina amb 
distribució Atlàntic-Mediterrani pot estar influïda pel Front d’Almeria-Oran (Patarnello et 
al., 2007), els processos de mesoescala patits per les aigües atlàntiques també poden 
provocar diferenciació genètica dins de la Mediterrània.   
  
Variabilitat intraspecifica i marcadors mitocondrials. 
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Els canvis demogràfics i diferents processos històrics poden afectar a la resolució 
dels marcadors genètics quan estudiem la diferenciació entre poblacions, ja que les 
reduccions en tamany poblacional o els escombratges selectius poden causar una reducció 
de la variabilitat genètica global (publicació 6). L’elevada diversitat haplotípica 
observada en P. elephas, amb la presència d'un haplotip majoritari i un gran nombre 
d’haplotips estretament relacionats és consistent amb els resultats observats en altres 
estudis de llagostes palinúrid (Tolley et al., 2005; Gopal et al., 2006). Tanmateix, s'ha 
d'assenyalar que un estudi previ amb P. elephas i P. mauritanicus no va detectar 
variabilitat al gen de COI (Cannas et al., 2006), mentres que un article més recent va 
trobar variabilitat intraspecífica en les dues espècies (Groeneveld et al., 2007). Per això, 
podem concloure que hi ha una tendència global perquè aquest grup de crustacis presente 
uns nivells tan alts de diversitat haplotípica. Un colld’ampolla genètic provocat per la 
selecció o per demografia, reduiria la grandària efectiva poblacional i provocaria que els 
haplotips actuals s'uneixen en un temps molt recent. Donat que la regió COI sembla haver 
evolucionat de manera neutra en P. elephas i P. mauritanicus (Publicació 6), aquest patró 
podria indicar que les fluctuacions demogràfiques hagin estat responsables de formar la 
distribució de variació genètica actual (Harpending, 1994). Tanmateix, com que tot el 
mtDNA actua com a un sol marcador, si la selecció actua en qualsevol altre gen de la 
molècula de mtDNA, s’imitaria exactament un coll d’ampolla demogràfic; així, cal 
utilitzar gens nuclears per descartar completament la hipòtesi selectiva (Bazin et al., 
2006). No obstant això, val a dir que la distribució del nombre de diferències i el patró 
poc profund de la genealogia d’hapotips sembla una tendència general present en 
espècies pertanyents a diversos grups taxonòmics (Domingues et al., 2005). Aquest patró 
es pot relacionar amb canvis mediambientals que haurien tingut efectes dramàtics sobre 
una àrea molt àmplia, com ara els períodes glacials, que poden provocar caigudes del 
nivell del mar de més de 100 m (Lambeck et al., 2002). L'impacte de períodes glacials en 
les fluctuacions demogràfiques s'ha remarcat en diferents espècies (Bargelloni et al., 
2005; Domingues et al., 2005). Si se suposa que la taxa de mutació és igual a la taxa de 
substitució, la data de coalescència per als haplotips de P. elephas seria aproximadament 
uns 266-355 kyr i es podria relacionar amb els canvis climàtics del període glacial Mindel 
(230-300 kyr) (Publicació 6). D'acord amb això, les dates de coalescència de mtDNA 
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obtenides en P. mauritanicus serien d’uns 477-583 kyr, indicant la possible influència de 
la glaciació Günz (620-680 kyr).  Tanmateix, hi ha hagut recentment molt debat sobre les 
taxes de mutació intraspecífica sent molt més altes que les taxes de substitució 
interespecífiques (Ho et al., 2005). Tenint aquestes observacions en compte i utilitzant 
una taxa de mutació 3-10 vegades més ràpida que la taxa de substitució (Emerson, 2007), 
el temps de coalescència per a P. elephas seria molt més recent i podria estar relacionat 
amb el darrer màxim glacial (LGM). No obstant això, utilitzant aquesta taxa més ràpida, 
els haplotips de P. mauritanicus encara s'unirien en una época més antiga que P. elephas, 
indicant que l'últim esdeveniment glacial hauria tingut un efecte més petit sobre P. 
mauritanicus. Estudis previs han emfatitzat el diferent efecte de les glaciacions en la 
reducció dels nivells de variació genètica en espècies supra- i inter- mareals, on els temps 
d'exposició al fred serien diferents (Marko, 2004). Donat que P. mauritanicus se troba 
generalment en aigües més profundes que P. elephas (Holthuis, 1991), canvis en el nivell 
del mar o canvis de temperatura podrien haver afectat les poblacions de P. mauritanicus 
en una menor mesura. Durant períodes càlids sempre es pot trobar un refugi de 
temperatura fred en aigües més profundes (Graham et al., 2007), mentre que en períodes 
freds un refugi càlid només es trobaria fent migracions latitudinals cap al sud, i romanent 
en aigües poc superficials. Aquests processos provocarien colls d’ampolla que 
implicarien una disminució en la diversitat genètica com la trobada en P. elephas i un 
efecte més petit en espècies d'aigua més freda, com P. mauritanicus. Addicionalment, les 
glaciacions podrien tenir un impacte diferencial en les grandàries efectives poblacionals,  
reduint o canviant diferencialment les àrees de distribució globals de cada espècie. 
D'aquesta manera, una àrea de distribució més gran durant les glaciacions podria haver 
permès P. mauritanicus retenir poblacions més grans en comparació amb P. elephas i així 
promoure el manteniment de més polimorfismes ancestrals. El temps de divergència entre 
els llinatges de Palinurus elephas i P. mauritanicus (5.52-6.75 Mya) és molt més antic 
que el temps de coalescència d'haplotips per a cada espècie. Aquesta data d'especiació es 
podria relacionar amb la Crisi de Salinitat del Messinià (MSC), que va provocar la 
dessecació de la Mediterrània i canvis en les corrents oceàniques entre 5.96 i 5.33 milions 
d'anys (Duggen et al., 2003). Els processos oceanogràfics i canvis a corrents oceànics que 
ocorrien després del MSC podrien haver provocat un esdeveniment d'especiació 
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al·lopàtric a Palinurus donat que les larves de filosoma es podrien haver quedat 
retingudes en diferents sistemes oceànics (Pollock, 1990). Tanmateix, l’estudi filogenètic 
dut a terme incorporant nous marcadors nuclears i mètodes basats en la teoria de la 
coalescència ens indica un període d’especiació més recent (publicació 5). 
 
En conclusió, l'estudi filogeogràfic amb marcadors mitocondrials ens mostra que 
els processos oceanogràfics actuals i la història paleoecològica (p. e. glaciacions) tenen 
un paper fonamental en la formació dels patrons de variabilitat genètica i estructuració 
poblacional en Palinurus elephas. La variabilitat i distribució del nombre de diferències 
entre parelles d’haplotips en P. elephas indica o bé canvis demogràfics o una forta 
escombrada selectiva relacionada amb períodes glacials. Malgrat una reducció en la 
variabilitat genètica global i la seva llarga duració larval, el flux gènic sembla estar 
restringit en poblacions de P. elephas, causant diferenciació genètica entre les regions 
atlàntica i mediterrània i entre àrees diferents dins de cada conca. L'exemple de Palinurus 
elephas ens indica que els patrons de circulació a mesoescala poden ser responsables de 
diferenciació genètica dins d’una regió marina concreta, subratlla la influència dels 
processos històrics en la distribució de la variació genètica i resalta la necessitat de cobrir 
la major part de l'àrea de distribució d'una espècie marina quan provem de definir 
l'existència de diferenciació genètica i possibles restriccions a la dispersió.
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Estructuració genètica en P. elephas inferida amb marcadors microsatèl.lit. 
 
Per altra banda, la variabilitat genètica trobada en P. elephas usant marcadors 
microsatèl·lit (publicació 7) indica que la diversitat gènica i els valors de Fis són similars 
als trobats en altres decàpodes marins (Robainas et al., 2002; Urbani et al., 1998). A més, 
els valors d'heterozigositat observats amb microsatèl.lits (Ho = 0.598 ± 0.03) són 
coherents amb els valors de diversitat haplotípica trobats amb la regió COI del mtDNA 
(Hd = 0.588 ± 0.03) (Publicació 6). Pel que fa al patró d'estructuració poblacional, les 
dades microsatèl·lit assenyalen l'existència d'una única unitat evolutiva amb una 
estructuració genètica molt dèbil. La manca de subdivisió poblacional indicada per la 
comparació per parelles de poblacions (Fst = 0.0083) també coincideix amb els resultats 
inferits utilitzant marcadors mitocondrials (Fst = 0.014) (Publicació 6). Val a dir que la 
teoria de genètica de poblacions ja ens fa esperar que els valors de Fst per al mtDNA 
siguin més alts que els valors obtesos amb microsatèl.lits (Withlock and McCauley, 
1999). El fet que la grandària efectiva sigui 4 vegades més gran en loci autosòmics que al 
mtDNA ens assegura que els valors de Fst seran substancialment més grans per al 
mtDNA, i de fet això s'observa gairebé sempre en estudis poblacionals (González and 
Zardoya, 2007). Ja que el mtDNA s'hereta per via materna, s'hauria d'assenyalar que un 
biax en la dispersió degut al sexe també podria elevar els valors de Fst per a espècies on 
els mascles es dispersen més que les femelles (Carreras et al., 2007). 
 
Una molt baixa estructuració genètica és prou comuna entre organismes marins 
pelàgics i ja s'ha observat en uns quants grups taxonòmics, des de peixos fins a crustacis 
(Knutsen et al. 2003; Maggioni et al. 2003). Tanmateix, donat que les llagostes adultes 
són crustacis relativament sedentaris, la principal causa per a que P. elephas mostre una 
estructuració tan baixa com la dels organismes pelàgics seria l'habilitat dispersiva de la 
larva filosoma. Per això, el fet que la població més diferenciada siga la població de 
Grècia és coherent amb la baixa influència d'aigües atlàntiques en la Mediterrània 
Oriental (Malanotte-Rizzoli et al., 1999). El gran gir present a la Mediterrània Oriental 
podria estar provocant l’aïllament de larves filosoma, ja que aquestos remolins i girs 
oceanogràfics poden durar uns quants mesos i podrien retenir fins i tot larves amb una 
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PLD molt llarga. En efecte, s'ha demostrat que alguns remolins mediterranis (p. e. 
l’Algerià) poden presentar durades superiors a 3 anys (Puillat et al. 2002). Donat que la 
població de Grècia està situada en un extrem de l'àrea de distribució de Palinurus 
elephas, aquest valor de Fst comparativament més alt també seria la causa de l'aïllament 
per distància artefactual observat. Finalment, tot i que l'agrupació explica menys d'un 1% 
de la variació genètica, val a dir que les conques atlàntica i mediterrània mostren 
diferències significatives, indicant que existeix certa estructuració poblacional. Aquesta 
diferenciació significativa entre conques també es troba quan s’analitzen les poblacions 
de P. elephas amb el gens COI i ha estat descrita en altres espècies marines (Patarnello et 
al., 2007; publicació 6). Per altra banda, ni el Gulf Stream ni les discontinuitats 
oceanogràfiques del mediterrani Occidental no proporcionen resultats significatius amb 
els Anàlisi de la Variança Molecular (AMOVA) quan usem els marcadors microsatèl.lit, 
el que podria ser degut a un efecte de tamany mostral. No obstant això, hem de senyalar 
que aquests resultats no impliquen directament que la barreja larval sigui intensa i 
continuada. Cal tenir en compte que la diferenciació genètica entre poblacions i la 
grandària efectiva estan estretament relacionades sota el model de Wright generalment 
assumit (Fst = 1 / (1+4Nm)) (Withlock, 1997). Donat un valor de Fst concret, el nombre 
eficaç de migrants (m) serà molt més baix en aquelles espècies amb una grandària 
efectiva major. Per exemple, Palumbi (2003) va trobar que assumint una grandària 
efectiva de 103, un pendent de variació en valors de Fst de 0.01/1000 km correspondria a 
una distància mitjana de dispersió d’uns 150 km sota un model “stepping-stone” 
unidimensional. Donat que les nostres estimes per a la grandària efectiva actual en 
Palinurus elephas es troben al voltant de 104.11-104.67, fins i tot un pendent per al canvi en 
valors de Fst tan baix com 0.001/1000 km significaria que la distància de dispersió larval 
és molt més baixa que l’esperat donada una PLD tan llarga com la de P. elephas (1,300-
2,500km). Per això, tot i que el valor mitjà de Fst indica una diferenciació genètica molt 
baixa, aquesta espècie estaria patint restriccions a la dispersió larval. Consegüentment, el 
mateix resultat s'hauria d'inferir per a molts altres crustacis decàpodes sotmesos a 
explotació pesquera i que mostren uns patrons genètics similars, amb valors mitjans de 
Fst baixos i una elevada grandària efectiva (p. e. Nephrops, Stamatis et al., 2004; 
Homarus, Triantafyllidis et al., 2005; Maja, Sotelo et al., 2008). 
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 S'ha afirmat que l’ADN mitocondrial és apropiat per detectar esdeveniments 
històrics, i pot ser molt útil descrivint la filogeografia actual d'organismes amb una 
capacitat de dispersió relativament baixa (Avise, 2000). Com ja hem comentat abans, en 
un estudi previ amb dades del gen COI trobàrem certa evidència a favor d'un coll 
d’ampolla provocat o bé per la selecció o per demografia (publicació 6). Tanmateix, 
donat que només contàvem amb una porció del gen COI i que el mtDNA actua com a un 
marcador únic, no es va poder descartar l’acció de la selecció sobre qualsevol altre gen 
dins de la molècula de mtDNA, que imitaria un coll d’ampolla demogràfic. Bazin et al. 
(2006) senyalen en un estudi recent que el mtDNA podria, de fet, ser un indicador pobre 
de la grandària poblacional, i suggereixen que episodis freqüents de selecció farien que la 
quantitat mitjana de polimorfisme mitocondrial fora semblant en taxa amb unes 
grandàries poblacionals molt diferents (genetic Draft: Gillespie, 2000). Segons la hipòtesi 
del “genetic Draft”, la reducció en variació provocada per escombrades selectives 
recurrents equilibraria els nivells de diversitat neutra (que esperaríem foren més grans en 
poblacions més grans), fent que el polimorfisme fora independent del tamany 
poblacional. L'aproximació bayesiana jeràrquica utilitzada en la publicació 7, però, ens ha 
permés integrar estimes genètiques independents obtingudes a partir d’un conjunt de loci 
microsatèl·lit. Els nostres resultats indiquen unes grandàries poblacionals històriques 
relativament constants en Palinurus elephas amb una certa indicació d'expansió 
poblacional i per tant donen suport a les conclusions de Bazin et al. (2006) que desafien 
la utilitat de la variació en el mtDNA com a indicador fiable del tamany poblacional. 
 
De fet, tant l'estructura poblacional com la desviació d’un model mutacional 
“stepwise” tendirien a donar valors de r < 0, així que de fet hi hauria una major evidència 
de creixement poblacional en el nostre conjunt de dades. No obstant això, quan una 
població travessa un coll d’ampolla, la reducció de diversitat genètica depèn de la 
grandària efectiva i el temps segons l’eqüació Ht=Ho(1-1/(2Ne))t. El llarg temps de 
generació de P. elephas podria haver minimitzat la deriva genètica i haver fet com a 
tampó intrínsec en contra d’una pèrdua ràpida de diversitat genètica (Dinerstein and 
McCracken, 1990). En altres paraules, un coll d’ampolla amb una duració aproximada de 
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30-40 anys implicaria una pèrdua més baixa de diversitat genètica per a un organisme 
amb una grandària efectiva major i un temps de generació llarg, com és el cas de 
Palinurus elephas (Allendorf, 1986; Dinerstein and McCracken, 1990). Aquesta 
consideració ens permet indicar que la nostra anàlisi no exclou totalment la possibilitat 
d'una reducció del tamany poblacional en una escala temporal recent (Publicació 7). A 
més, la teoria de genètica de població suggereix que la diversitat genètica es redueix 
significativament només en poblacions molt petites, i per això fins i tot poblacions 
‘col.lapsades’ poden consistir de massa individus com per mostrar disminucions 
mesurable en la diversitat genètica amb uns tamanys mostrals realistes (Rice 2004). Per 
això, la biologia de la llagosta europea podria fer que les dades moleculars indiquéssin 
grandàries constants, o fins i tot expansions, quan de fet hi ha hagut una reducció en el 
tamany censal. 
 
Un impacte humà direccional podia també estar emmascarant (involuntàriament, 
clar) les conseqüències genètiques d’una caiguda en la grandària efectiva poblacional. Si 
la població disminueix mentre la connectivitat també disminueix (p. e. a causa d’una 
sobrepesca localitzada), llavors inferiríem que la metapoblació ha sigut estable malgrat 
una reducció en el tamany censal global ('many demes model': Wakeley, 2004, 2005). La 
pesca de llagosta se centra normalment en la captura d’individus grans, fent que 
l'estructura d'edat varie cap a una talla mitjana més petita en moltes localitats (Portugal, 
Galhardo et al., 2006; Còrsega, Marin, 1987). Donat que les femelles més grans de P. 
elephas produeixen més ous (Ceccaldi and Latrouite, 1994) i larves més grans i que 
sobreviuen més temps sota condicions de manca d’aliments (Kittaka and MacDiarmid, 
1994), una femella mitjana d'una àrea verge (CL mm de = 120) produiria unes dues 
vegades més ous que una femella d'una àrea sobreexplotada (CL mm de = 90) (Goñi et al. 
2003). Per això, la reducció en el nombre de femelles grans reduiria la variància en l’èxit 
reproductiu, ja que més individus contribuiran amb una proporció més alta de 
descendents a la pròxima generació. Com a conseqüència, la grandària efectiva s’unflaria 
artificialment i podria semblar que la població s'expandís tot i que la grandària censal o 
nombre total d'individus seguira disminuint (Rice 2004). 
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La majoria de les espècies marines presenten classes d'edat amb mortalitats 
elevades en les primeres fases del desenvolupament, de manera que repetits periodes de 
reproducció durant la vida d'un individu serveixen per augmentar la seva contribució 
global cap a la generació següent (Murphy, 1968). En aquestes espècies, un any amb 
reclutament fort produeix una cohort d'adults que sobreviu durant un cert nombre de 
períodes reproductius ('storage effect': Warner and Chesson, 1985). Els reclutaments 
elevats s'emmagatzemen en la població adulta i són capaços de mantenir la variabilitat 
genètica en ambients heterogenis (Ellner and Hairston, 1994). A causa de les fluctuacions 
en el règim oceanogràfic, l’elevada variabilitat en el reclutament afectaria directament les 
poblacions de P. elephas, ja que les larves passen com a mínim 4-5 mesos en aigües 
oceàniques (Hunter, 1996). Per això, quan es canvia l'estructura d'edats (p.e. a causa de la 
sobrepesca) les poblacions que depenen de reclutes nous són molt més sensibles front a 
esdeveniments que redueixen la supervivència larval. Com més gran siga el solapament 
entre generacions, més petit serà l'impacte de les fluctuacions ambientals en el nivell de 
variabilitat genètica (Gaggiotti and Vetter, 1999), de manera que mantenir l'estructura 
d'edats és fonamental per a la conservació de la variació genètica en poblacions de P. 
elephas. 
 
En conclusió, els nostres resultats mostren que l'estructuració genètica és molt 
baixa en les poblacions de llagosta europea. La població més diferenciada és la població 
grega, el que és coherent amb l'aïllament de larves de filosoma al gran gir de la 
Mediterrània Oriental. D'altra banda, cal senyalar que les conques atlàntica i mediterrània 
mostren diferències significatives fins i tot quan s'exclou de l'anàlisi a la població grega, 
el que indica que hi ha una certa estructuració. Tot i que la sobrepesca ha reduït 
dramàticament les captures per tota l’àrea de distribució de l’espècie, la grandària 
efectiva de P.elephas sembla que hagi romàs històricament constant. Aquest resultat 
contradictori podria explicar-se per la biologia de l'espècie i per les limitacions dels 
marcadors moleculars per cobrir escales temporals molt recents. A més a més, si tenim en 
compte la grandària efectiva de P.elephas (Ne = 13,000-47,000), fins i tot valors de Fst 
extremadament petits  correspondrien a nivells de dispersió restringits. Tenint en compte 
aquest fet, les capacitats de dispersió de la llagosta europea serien molt més baixes que 
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l’esperat a partir del seu llarg PLD. Finalment, els nostres resultats indiquen que les 
estratègies de gestió i polítiques de conservació i pesca d'aquesta espècie haurien de 
considerar les poblacions atlàntiques i mediterrànies com a poblacions diferents, i que la 
població grega s'hauria de considerar una unitat de gestió diferent dins de la conca 
mediterrània. Els nostres estudis il·lustren la importància de considerar els paràmetres 
demogràfics i de cicle vital a l’hora d’avaluar els patrons de connectivitat en organismes 





1- More powerful inferences are obtained using the likelihood-based methods since 
they permit the application of mathematical models that incorporate more realistic 
patterns of sequence evolution. 
 
2- Our results indicate that Achelata forms a monophyletic group of decapod 
crustaceans composed of two main families: Palinuridae and Scyllaridae. The 
molecular analysis confirms Synaxidae as a polyphyletic group, which should be 
included within Palinuridae.  
 
3- The Palinuridae family presents three main lineages: 1) the Silentes, including the 
former synaxid genus Palinurellus; 2) a Linuparus/Justitia clade and 3) a main 
clade of Stridentes, including Puerulus, Palinustus, Palinurus, Panulirus and the 
rare former synaxid lobster Palibythus. Moreover, the two main clades found 
within the Scyllaridae are in agreement with current taxonomy based on adult 
morphological data.  
 
4- Finally, the dating of divergence of Achelata obtained with a relaxed-clock model 
is compatible with previous hypotheses of a Triassic origin of the Achelata 
lobsters. 
 
5- A set of highly polymorphic markers useful in determining the spatial patterns of 
genetic diversity between and within populations of P. elephas could be obtained, 
and it has been confirmed that microsatellite markers developed for Palinurus 
elephas give successful amplification and show polymorphism for every known 
Palinurus species.  
 
6- Effective population sizes in Palinurus species was found to be several orders of 
magnitude smaller than corresponding census population sizes from fishery data, 
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so that millions of individuals are equivalent to an effective population size of 
only hundreds or thousands. 
 
7- Our within-genus phylogenetic analyses consistently supported a North-to-South 
pattern of speciation in Palinurus with all the South-African species forming a 
monophyletic clade.  
 
8- The Palinurus speciation pattern is a typical example of a series of rapid 
speciation events occurring within a group, with very short branches separating 
the different species. Interestingly, divergence times obtained for Palinurus 
species using the standard rates agree with known glaciation-related processes 
during the last 2My. 
 
9- Our results show that no strong population genetic structuring is present in the 
European spiny lobster. However, even though the grouping accounted for less 
than 1% of the genetic variation, Atlantic and Mediterranean basins showed 
significant differences.  
 
10- Even though over-fishing has reduced catches dramatically all over its distribution 
area, effective population size seems to have remained constant in the European 
spiny lobster. The comparatively large effective population size of P.elephas 
would cause Fst values to be extremely small even for populations with restricted 
levels of dispersal.  
 
11- Taking this fact into account, dispersal capabilities of the European spiny lobster 
would be much lower than expected under its long PLD, so that our results 
illustrate the importance of considering historical demography and life history 
parameters when evaluating connectivity patterns in marine organisms and 





1- Les inferències filogenètiques més potents s'obtenen mitjançant els mètodes basats 
en models probabilístics (ML i BI), ja que permeten l'aplicació de models matemàtics 
que incorporen patrons més realistes sobre l'evolució de les seqüències moleculars. 
 
2- Les llagostes de l’infraordre Achelata formen un grup monofilètic de crustacis 
decàpodes compost de dues famílies principals: Palinuridae i Scyllaridae. L'anàlisi 
molecular confirma Synaxidae com un grup polifilètic, que s'hauria d'incloure dins de 
Palinuridae. 
 
3- Els Palinuridae estan formats per tres llinatges principals: 1) els Silentes, incloent-
hi l'anterior gènere synaxid Palinurellus; 2) un clade Linuparus/Justitia i 3) un clade 
principal de Stridentes, incloent-hi els gèneres Puerulus, Palinustus, Palinurus, 
Panulirus i l'anterior synàxid Palibythus. A més, els dos clades principals trobats dins 
del Scyllaridae estan d'acord amb la taxonomia actual basada en dades morfològiques. 
 
4- Finalment, la datació de divergència d'Achelata obtinguda amb un model de 
rellotge relaxat és compatible amb hipòtesis prèvies d'un origen Triassic de les 
llagostes Achelata i identifica el Cenomanià tardà (que representa l’època amb el 
nivell de mar més alt dels darrers sis-cents milions d'anys) com el període on es 
produeix la radiació del grup. 
 
5- S’ha pogut obtenir un conjunt de marcadors microsatèl.lit altament polimòrfics, 
útils per tal de determinar els patrons d’estructuració i els nivells de diversitat 
genètica en poblacions de P. elephas. A més a més, s’ha pogut provar que aquestos 
marcadors microsatèl.lit també amplifiquen i són polimòrfics per a totes les espècies 
conegudes de Palinurus.  
 
6- Les grandàries efectives trobades en espècies de Palinurus són unes quantes ordres 
de magnitud més petites que les corresponents mides censals obtingudes a partir de 
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dades de pesqueries, de manera que milions d'individus serien equivalents a una 
grandària efectiva de només centenars o milers. 
 
7- L’anàlisi filogenètica dona suport a un patró d'especiació Nord-Sud al gènere 
Palinurus, amb totes les espècies africanes formant un clade monofilètic. 
 
8- El patró d'especiació en Palinurus seria un exemple típic d'una sèrie 
d'esdeveniments d'especiació ràpids, amb branques molt curtes separant les diferents 
espècies. Curiosament, els temps de divergència obtinguts utilitzant les taxes de 
mutació estàndards, permeten relacionar els processos d’especiació als processos de 
canvi climàtic més destacats dels darrers 2 Mya. 
 
9- Els resultats obtinguts a partir de les dades microsatèl.lit i mtDNA mostren que 
l'estructuració genètica de les poblacions de llagosta europea és molt baixa. 
Tanmateix, tot i que l'agrupació explica menys d'un 1% de la variació genètica, les 
conques atlàntica i mediterrània mostren diferències significatives i per tant, es 
recomana tractar-les com unitats de gestió diferenciades. 
 
10- Tot i la reducció dràstica en les captures per tota l’àrea de distribució de P. 
elephas, la grandària efectiva poblacional de P. elephas sembla haver-se mantés 
constant. A més a més, l’elevada grandària efectiva poblacional de P. elephas 
provocaria valors de Fst extremadament petits fins i tot per a poblacions amb nivells 
de dispersió restringits. 
 
11- Tenint aquest fet en compte, les capacitats de dispersió de la llagosta europea 
serien molt més baixes que l’esperat donada la seua PLD. Així, els nostres resultats 
il·lustren la importància de considerar els diferents paràmetres demogràfics quan 
s’avaluen els patrons de connectivitat en organismes marins i estudiem els efectes de 
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ABSTRACT
We review phylogenetic inference methods with a special emphasis on inference from molecular
data. We begin with a general comment on phylogenetic inference using DNA sequences, followed
by a clear statement of the relevance of a good alignment of sequences. Then we provide a general
description of models of sequence evolution, including evolutionary models that account for rate
heterogeneity along the DNA sequences or complex secondary structure (i.e., ribosomal genes). We
then present an overall description of the most relevant inference methods, focusing on key concepts
of general interest. We point out the most relevant traits of methods such as maximum parsimony
(MP), distance methods, maximum likelihood (ML) and Bayesian inference (BI). Finally, we discuss
different measures of support for the estimated phylogeny and discuss how this relates to confidence
in particular nodes of a phylogeny reconstruction.
1 INTRODUCTION
The main objective of molecular phylogenetic analysis is to infer the evolutionary history of a group
of species and represent it as an hierarchical branching diagram, a cladogram or phylogenetic tree
(Edwards & Cavalli-Sforza 1964). The contemporary taxa in that tree (as opposed to the recon-
structed ancestral taxa) are called leaves or terminal tips. Internal nodes represent ancestral diver-
gences into two or more (polytomy) genetically isolated groups (Fig. 1). Clades are characterized
by shared possession of uniquely-derived evolutionary novelties (synapomorphies). Therefore, phy-
logenetic analysis can be partially regarded as an attempt to recognize the identity and taxonomic
distribution of synapomorphies. These could be any kind of inherited phenotypic or genotypic char-
acteristics; it could be the evolutionary appearance of a nauplius larva or the fixation of a change
from guanine to adenine at a particular site in a DNA sequence. Thus, phylogenies become essential
tools for comparative biology (Harvey & Pagel 1991).
The tree topology is the information on the order of relationships, while the lengths of the
branches in the tree can represent the evolutionary distances that separate nodes (phylogram) or
not (cladogram). It is important to recognize if branches have been drawn to scale in order to know
the relative distance between different species. This is particularly important, since if the sequences
do not all evolve at the same rate, it is not possible to have a well-defined time axis on the tree with
the standard methods. At this point we should also differentiate between rooted and unrooted trees.
Even though biologists tend to think about trees as being rooted and pointing from “lower complex-
10 Palero & Crandall
Figure 1. Phylogenetic trees obtained using a 966bp segment of the cytochrome B gene of several malacostra-
can crustaceans. (A) Unrooted phylogram, with distance scale bar indicating substitutions per site. (B) Rooted
phylogram, the tree was rooted using Stomatopoda species as the outgroup. (C) Cladogram, showing the tree
topology only.
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ity” to “higher complexity,” most phylogenetic methods do not result in a rooted tree (see Modeling
Evolution section below). We generally need to define an outgroup by using external evidence not
included in the molecular dataset (Weston 1994). Only then can rooted trees inform us about the
temporal order of events and about which species have high rates of molecular evolution.
1.1 Why should we use molecules when we already have morphology-based taxonomies?
Thanks to the popularization of DNA sequencing techniques, the number of decapod crustacean
sequences available in GenBank has increased considerably, even though some infra-orders are still
underrepresented (Fig. 2). The amplification of long genomic fragments implies that thousands
of new, variable characters are made available for the study of phylogenetic relationships among
organisms. This is particularly important for groups with very few characters available for develop-
ing morphological matrices (e.g., Rhizocephala) or when homology of morphological characters is
particularly difficult to establish (Glenner et al. 2003). Moreover, the widespread use of accurate
models of evolution and statistical tests allow us to extract a considerable amount of information
from molecular sequence data. With the incorporation of closely related species to our group of
interest, DNA sequence data allow polarity to be conferred to our phylogenetic reconstruction and
allow us to make inferences on the evolution of molecules and/or the morphological characters
themselves. An important advantage of molecular data is its objectivity, since results can be inde-
pendently reproduced from the sequence data that are deposited in public databases.
However, DNA sequences have the same concerns as morphological traits for phylogeny estima-
tion. Homoplasy can be caused by multiple substitutions occurring on a particular site, and character
loss can also happen in gene sequences by insertion-deletion events. Phylogeny reconstruction can
aid in the homology determination of molecular characters. Homologous genes may be orthologs,
if they separated due to a speciation event, or paralogs, if those gene sequences diverged after gene
duplication. In fact, gene duplication has been claimed to play a major role in the evolution of the
mitochondrial genome of the Japanese freshwater crab, Geothelphusa dehaani (Segawa & Aotsuka
2005). Furthermore, DNA sequences obtained from PCR products may correspond to pseudogenes,
or non-functional copies. Using a mixture of orthologs and paralogs for phylogenetic reconstruction
may point to the wrong topology (making distant taxa cluster together); whereas, mixing pseudo-
genes with functional copies (e.g., nuclear copies of mitochondrial genes or numts) also gives the
wrong topology but can make even copies from the same individual seem very distant (Song et al.
2008; Schubart this volume). When dealing with molecular sequences, character homology is incor-
porated with the sequence alignment, so we must be certain about the homology among nucleotide
positions in the alignment.
2 CHARACTER HOMOLOGY AND THE PROBLEM OF SEQUENCE ALIGNMENT
Phylogenetic analysis attempts to reconstruct evolutionary genealogies of species based on similari-
ties and differences. In an alignment of DNA sequences, each aligned site is a separate character with
four character states being four nucleotides (A, C, T, G). Carrying out a multiple alignment means
to define positional homology, deciding which nucleotide or amino acid positions are homologous
for our sequence data. In order to infer the correct topology, nucleotide or amino acid positions must
be aligned correctly. However, alignments of distantly related sequences may not be feasible, and
different alignment methods often produce variable results depending on the details of the algorithm
(Benavides et al. 2007). The most commonly used algorithms employ dynamic programming pro-
cedures seeking to maximize the score of the alignment (Needleman & Wunsch 1970). The score is
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Figure 2. [see color plate NN] Decapod sequences in GenBank in April 2008, shown as a proportion of the se-
quences belonging to the different infraorders relative to the total number of sequences available (355,876), the
total number of sequences available after excluding ESTs (337,603), and the relative proportion of population
study datasets.
determined by the choice of a matrix of similarities between nucleotides or amino acids and by the
assignment of penalties for opening and extending gaps or insertions (Thompson et al. 1994).
Most dynamic programming methods use a greedy approach for progressively aligning pairs of
sequences, but hierarchically aligning pairs of sequences is prone to generate biases and dominance
by the most similar sequences. Additionally, the alignment tends to be sensitive to the choice of the
similarity matrix and of gap penalties. Alternative approaches for aligning sequences include both
dynamic programming and motif-finding algorithms. For example, the alignment program MUS-
CLE (Edgar 2004) first searches regions of similarity refined through iterations and then optimizes
the alignment by applying a dynamic programming procedure locally. Since alignment methods are
prone to errors, it is customary to manually adjust the alignment or to eliminate positions that are
considered to be uncertain (GBLOCKS: Castresana 2000), a procedure that relies somewhat on the
judgment of the investigator. Poorly aligned positions may not be homologous or may have been
saturated by multiple substitutions and should be eliminated to increase the reliability of the phy-
logenetic analysis (Swofford et al. 1996; Castresana 2007). However, misalignments can still go
undetected, particularly in large-scale analyses and for distantly related sequences.
2.1 Dealing with gaps
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DNA sequences of homologous genes from distant species usually have unequal lengths and there-
fore force us to assume particular insertion and deletion events, defining the location of gaps or
indels in the alignment. When dealing with protein coding nucleotide sequences, we could translate
to the amino acid sequence, which may be easier to align, and then reverse back to the nucleotide
sequence. However, the most commonly used genes for phylogenetic inference are non-protein cod-
ing genes (i.e., rDNA), and dealing with gaps remains a problem. Most distance-based analyses and,
until recently, most likelihood and Bayesian analyses, either treated gaps as unknowns or removed
the gap containing column(s) from the analyses for pairs of sequences or for all sequences in an
alignment (Lutzoni et al. 2000). The specific treatment of gaps in phylogenetic analysis can affect
the results (Ogden & Whiting 2003), and several approaches are available for incorporating indel
information into the phylogenetic analysis (Holmes 2005). Indeed, empirical results suggest that in-
corporating gaps as phylogenetic characters can aid in providing more robust phylogenetic estimates
(Egan & Crandall 2008). It has been shown that point estimation of alignment and phylogeny avoids
bias that results from conditioning on a single alignment estimate (Lake 1991; Thorne & Kishino
1992).
Within parsimony analysis, gaps may be incorporated as transformations during the cladogram
evaluation process (optimization alignment in POY; Varo´n et al. 2007). It has been shown that in
cases where alignment is not totally correct, coding gaps as a fifth state character or as separate pres-
ence/absence characters outperforms treating gaps as unknown/missing data nearly 90% of the time
(Ogden & Rosenberg 2006). Datasets with higher sequence divergence and polytomies are more
affected by gap coding than datasets associated with shallower non-polytomic tree shapes (Ogden
& Rosenberg 2007). Redelings & Suchard (2005) describe a statistical method for incorporating
indel information into phylogeny estimation under a Bayesian framework. Their method uses a joint
reconstruction that simultaneously infers the alignment, tree, and insertion/deletion rates. Estima-
tion proceeds through Markov chain Monte Carlo (MCMC) and naturally accounts for uncertainty
in alignments, phylogenies, and other parameters through posterior probabilities. This method is
based on a probabilistic model of sequence evolution that contains insertion and deletion events as
well as substitution events (Thorne et al. 1991). Gaps are not treated as a fifth character state, since
this over-weights the evidence of shared indels by treating an indel of multiple residues as multiple
shared indels. Instead, the indel process is separate and independent of the substitution process and
allows indels of several residues simultaneously.
3 GENETIC DISTANCES AND SATURATION
Theoretically, if the total number of substitutions between any pair of sequences is known, all the
distance methods will produce the correct phylogenetic tree. In practice, this number is almost al-
ways unknown. In order to estimate a standardized genetic distance between organisms, we could
just count the number of nucleotide differences among sequences and divide that number for the total
number of nucleotide positions compared (p distance). However, DNA changes usually do not occur
randomly along the sequence because of negative selection acting preferentially over some positions
(Frank & Lobry 1999). Besides, if two lineages have been evolving separately for a long time, it is
likely that multiple nucleotide substitutions have occurred on a particular position (multiple hits). As
mutations accumulate, a point is reached at which there is no further divergence between sequences
(mutational saturation). From this point on, it becomes impossible to estimate the evolutionary
distance from similarity. This point of mutational saturation may occur at any taxonomic level, de-
pending on the pattern of position-specific variability. Variation of mutation rate patterns among
sites, functionally constrained sites, rapidly evolving lineages, and ancient evolutionary events will
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make the estimates of distances uncertain (Philippe & Forterre 1999). Different molecules evolve at
different rates, and some of the fast-evolving genes will be saturated with changes even for closely
related taxa. Using fast-evolving genes for phylogenetic inference of distantly related species could
provide misleading results. A sensible approach for tackling this problem of saturation would be
to use molecular markers that present a slower mutation rate and using an appropriate nucleotide
substitution model in order to correct the observed distance for the multiple hits. However, if the
gene evolves too slowly, there will be very little variation among the sequences, and there will be
too little information to construct a phylogeny. Phylogenetic methods are likely to become unreli-
able if the sequences are too different from one another, and this should be borne in mind when the
choice of gene sequences is made initially. Typically, a combination of genes is needed to accurately
reconstruct phylogenetic relationships, with faster evolving genes resolving close relationships and
more slowly evolving genes resolving deeper relationships.
4 MODELING EVOLUTION AND MODEL SELECTION
More complex models, taking into account a variety of biological phenomena, generally provide
more accurate estimates of phylogeny regardless of the method (e.g., parsimony, likelihood, dis-
tance, Bayesian) (Huelsenbeck 1995). The most common models of DNA evolution include base
frequency, base exchangeability, and rate heterogeneity parameters. The parameter values are usu-
ally estimated from the dataset in each particular analysis (model selection). Finally, the evolutionary
models are defined by matrices containing the relative rates of all possible replacements (transition
probability matrix), which allow us to calculate the probabilities of change from any nucleotide to
any other nucleotide (Lio & Goldman 1998). Most models assume reversibility of the transition
probability matrix so that no inferences about evolutionary direction can be made unless further
information extrinsic to the sequences themselves (e.g., fossil record) is supplied.
The base frequency parameters describe the frequencies of the nucleotide bases averaged over all
sequence sites and over the tree. These parameters can be considered to represent constraints on base
frequencies due to effects such as overall GC content, and they act as weighting factors in a model by
making certain bases more likely to arise when substitutions occur. Base exchangeability parameters
describe the relative tendencies of bases to be substituted for one another (Fig. 3). These parameters
represent a measure of the biochemical similarity of bases, since transitions (i.e., C↔T or A↔G)
usually occur more often than transversions (e.g., C↔G) (Brown et al. 1982; but see also Keller
et al. 2007). Furthermore, mutation rates vary considerably among sites of DNA and amino acid
sequences or among loci, because of constraints of the genetic code, selection for gene function, etc.
In fact, we have to consider that if most of the nucleotide positions in our sequences evolve rather
slowly or do not change at all (invariant sites), then base changes will tend to accumulate in a few
variable sites, and sequence saturation will be reached much more quickly and at a lower divergence
than expected under simpler models that do not incorporate rate heterogeneity or a proportion of
invariant sites. The most widespread approach to modeling rate heterogeneity among sequence sites
is to describe each site’s rate as a random draw from a gamma distribution (Yang 1994). The shape
of the gamma distribution is controlled by a parameter α. Large values of α suggest that sites evolve
at a similar rate, while small values of the parameter α imply higher levels of rate heterogeneity
among sites and the presence of many sites with lower rates of evolution. It is also possible to
assign specific rates of substitution to different parts of the sequence in order to account for the
heterogeneity on the mutation rate (e.g., to the three codon positions of protein coding sequences or
to different domains in rRNA).
We can use the likelihood framework to estimate parameter values and their standard errors from
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Figure 3. Transition versus Transversion mutations. DNA substitution mutations are of two types. Transitions
are interchanges of purines (A-G) or pyrimdines (C-T), which involve bases of similar shape. Transversions are
interchanges between purine and pyrmidine bases, which involve exchange of one-ring and two-ring structures.
the observed data when selecting the optimal model to perform phylogenetic inference (Yang 1994),
since comparisons of two competing models are possible using likelihood ratio tests. Competing
models are compared (using their maximized likelihoods) with a statistic that measures how much
better an explanation of the data the alternative model gives. When the simpler model is a special
case of the more complex model, then the required distribution for the statistic is usually a χ2 dis-
tribution with the number of degrees of freedom equal to the difference in the number of parameters
between the two models (Goldman 1993). When the models being compared are not nested, as can
often be the case for more complex models of sequence evolution, the required distribution can be es-
timated by Monte Carlo simulation or by parametric bootstrapping (Huelsenbeck & Rannala 1997).
Alternatively, one can use different statistical criteria to evaluate alternative models simultaneously
(Posada & Buckley 2004).
Complex models describing selection or structure consistently give significantly improved de-
scriptions of the evolution of protein sequences and are especially valuable in giving new insights
into the processes of molecular evolution (Porter et al. 2007). Particularly, codon-based models have
been developed that describe the evolution of coding sequences in terms of both DNA substitutions
and the selective forces acting on the protein product (Nielsen & Yang 1998; Yang et al. 2000). For
example, by studying the relationships between rates of synonymous (amino acid conserving) and
nonsynonymous (amino acid altering) DNA substitutions, these models have been used successfully
to detect where and when positive selection was important (Zanotto et al. 1999). Other models
have attempted to associate the heterogeneity of patterns and rates of evolution among sites with the
structural organization of RNA. These complex models accommodating RNA secondary structural
elements use 16 states to represent all the possible base pairings in stem regions and four states to
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model loops (Scho¨niger & von Haeseler 1994).
Finally, while employing multiple alternative models in phylogenetic analysis might be seen as
more rigorous, if this approach is to be meaningful there needs to be some quality control on the
models employed (Grant & Kluge 2003). Similarly, all methods of phylogenetic inference assume a
model of evolution, either implicitly or explicitly. For example, a strict parsimony analysis assumes
all character changes are of equal weight. Thus, it becomes incumbent upon the researcher to justify
the choice of model, even if it is an implicit model used to describe character evolution. If there are
no restrictions on allowable models, virtually any given phylogeny may be found to be supported
by some models and refuted by others. The model averaging approach by Lee & Hugall (2006)
addresses both issues: a large number of possible models can be employed, but the results of each
model are weighted according to its fit, so that the results of implausible models carry little weight
on the final estimate. Likewise, statistically testing alternative models of evolution allows one to
determine if the addition of more parameters makes a significant improvement in a likelihood score
(Posada & Crandall 2001).
5 SEARCHING FOR TREES IN A BROAD TREE SPACE
The reconstruction of a phylogenetic tree using molecular data is an attempt to statistically infer the
best estimate of evolutionary relationships given some criterion. While the “true tree” is the goal,
what phylogenetic methods actually do is optimize a tree given some model and optimality criterion.
Thus, we are actually searching for not the “true tree” but rather the “optimal tree” and hope that
the latter has some relationship to the former. There are two processes involved in this inference:
estimation of the topology and estimation of branch lengths for a given tree topology. When a topol-
ogy is known, statistical estimation of branch lengths is relatively simple, and one can use several
statistical methods such as the least squares and the maximum likelihood methods. The problem is
the estimation or reconstruction of a topology. The number of possible topologies increases rapidly
with the number of sequences (Swofford et al. 1996), and it is generally very difficult to choose
the correct topology among them. In phylogenetic inference, a certain optimization principle such
as the maximum likelihood (ML) or minimum evolution (ME) principle is often used for evaluating
different tree scores and choosing the topology and branch lengths that gives an optimal score, so
that we need to have tree searching strategies to help us finding the “optimal tree.”
Exhaustive search. The exhaustive algorithm evaluates all possible trees. Because it examines
all possible topologies, exhaustive searches guarantee the most optimal tree(s), but it is very slow
(using 12 taxa, more than 600 million trees are evaluated). The advantage of the exhaustive search
is the ability to completely explore the tree space and thereby plot the optimality score distribution.
This histogram may indicate the ‘quality’ of your matrix, in the sense that there should be a tail to
the left such that few short trees are ‘isolated’ from the greater mass of less optimal trees (but see
Kitchin et al. 1998).
Branch and bound. The branch-and-bound algorithm is guaranteed to find all optimal trees,
given some criterion (e.g., maximum parsimony). It discards whole classes of trees that it has
determined are suboptimal, without the need to examine all of those one by one. The savings is
greater the less homoplasy there is in the data. However, in cases where there are many conflicts
between information from different characters and much parallelism and convergence, the branch
and bound strategy does not perform particularly well. Moreover, branch and bound methods still
have a complexity that is exponential, and it is not recommended to use the branch-and-bound
algorithm for data sets with more than 12 taxa.
Heuristic searches. Since most datasets today contain large numbers of sequences, exhaustive
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and branch-and-bound searches quickly become impractical. We then turn to heuristic searches.
Heuristic searches attempt to survey the tree space reasonably well without guaranteeing to find the
most optimal tree(s). The key to good heuristic searching is the ability to move around the tree
space and spend time exploring reasonable alternative topologies. Thus, a wide variety of branch
swapping algorithms have been developed to achieve this goal.
Nearest-neighbor interchange (NNI). This heuristic algorithm adds taxa sequentially, in the
order they are given in the matrix, to the branch where they will give least increase in tree length
(Robinson 1971; Moore et al. 1973). After each taxon is added, all nearest neighbor trees are
swapped to try to find an even shorter tree. Like all heuristic searches, this one is much faster than
the algorithms above and can be used for large numbers of taxa, but it is not guaranteed to find all or
any of the optimal trees. To decrease the likelihood of ending up on a suboptimal local minimum,
a number of reorderings can be specified. For each reordering, the order of input taxa could be
randomly permutated and another heuristic search attempted.
Subtree pruning and regrafting (SPR) is similar to NNI, but with a more elaborate branch
swapping scheme. In order to find a shorter tree, a subtree is cut off the tree and regrafted onto all
other branches in the tree to find the best alternative (Swofford 2003). This is done after each taxon
has been added, and for all possible subtrees. While slower than NNI, SPR will often find shorter
trees (Felsenstein 2004).
Tree bisection and reconnection (TBR) is similar to SPR, but with an even more complete
branch swapping scheme. The tree is divided into two parts, and these are reconnected through
every possible pair of branches in order to find a shorter tree. This is done after each taxon is added,
and for all possible divisions of the tree (Swofford 2003). TBR will often find shorter trees than SPR
and NNI, but it is more time consuming.
The Ratchet. Different characters in the data may well recommend different trees to us. To pre-
vent the search from becoming focused on a limited set of trees, it may help to use different starting
trees as recommended by various subsets of characters. In the ratchet approach, we pick up some
characters and increase their representation by increasing their weight (Nixon 1999; Felsenstein
2004). This moves the search to a tree recommended by this reweighted dataset; then we search
from that starting point using the full set of characters.
Given the enormously large size of the tree space even for a small data set, all we can do is hope
that if we have searched for a long time without finding any improvement, then we have probably
found the best tree. The problem with long-range moves tends to be that they are rather disrup-
tive, moving the search far from the optimal tree. Most real search programs use a combination of
NNIs and slightly longer range moves that have been tested and found to be reasonably efficient at
finding optimal trees as quickly as possible. The MCMC method (see below) is a way of searching
tree space that allows both uphill and downhill moves, allowing for suboptimal tree topologies to
be sampled during the search. Regardless of the optimality criterion used, a key aspect of effective
heuristic tree searching is to perform the analysis multiple times with different starting positions to
be sure the tree space has been reasonably sampled.
6 INFERENCE METHODS
Ideally, the inference method used will extract the maximum amount of information available in the
sequence data, will combine this with prior knowledge of patterns of sequence evolution (included
in the evolutionary model), and will deal with model parameters (e.g., the transition/transversion ra-
tio) whose values are not known a priori. The major inference methods for molecular phylogenetics
are maximum likelihood, Bayesian inference, distance methods and maximum parsimony.
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6.1 Maximum likelihood
Likelihood-based techniques allow a wide variety of phylogenetic inferences from sequence data and
a robust statistical assessment of all results. The likelihood of an hypothesis is equal to the probabil-
ity of observing the data (sequence alignment) if that hypothesis (tree topology) were correct, given
the chosen model of sequence evolution (Felsenstein 1981, 1988). Thus, a model of nucleotide or
amino acid replacement allows the calculation of the likelihood for any possible combinations of
tree topology and branch lengths. It permits the inference of phylogenetic trees and also making
inferences simultaneously about the patterns and processes of evolution. A great attraction of the
likelihood approach in phylogenetics is the existence of a wealth of powerful statistical theory; for
example, the ability to perform robust statistical hypothesis tests (see below) and the knowledge that
ML phylogenetic estimates are statistically consistent (given enough data and an adequate model,
ML will always give the correct tree topology) (Rogers 1997). These strong statistical foundations
suggest that likelihood techniques are the most powerful for phylogeny reconstruction and for un-
derstanding sequence evolution. Simulation studies show that ML methods generally outperform
distance and parsimony methods over a broad range of realistic conditions, and recent developments
in distance and parsimony methodology have concentrated on elucidating the relationships of these
methods to ML inference and exploiting this understanding to adapt the methods so that they per-
form more like ML methods (Steel & Penny 2000; Bruno et al. 2000). However, ML suffers from
computational intensity, making ML estimation impractical when dealing with several thousands of
sequences (Zhang 1999), but better algorithms are being developed continually that can accommo-
date an increasingly large number of sequences for ML analyses (Stamatakis 2005).
The ML method is a well-established statistical method of parameter estimation; it gives the
smallest variance of a parameter estimate when sample size is large. In the construction of phy-
logenetic trees, maximization of the likelihood is done for each topology separately by using a
different likelihood function, and the topology with the highest (maximum) likelihood is chosen as
an estimate of the true topology. Since different topologies represent different probability spaces of
parameters, it is not clear whether the maximum likelihood tree is expected to be the true tree unless
an infinite number of nucleotides are examined (Felsenstein 2004). Finally, it should be mentioned
that the statistical foundation of phylogeny estimation by ML has not been well established, and
some authors have pointed out that topologies are parameters, but these parameters are not included
in the likelihood function that is being maximized (Nei 1996; Yang 1996).
6.2 Bayesian methods
When inferring phylogenies, we should consider methods that deal directly with ensembles of pos-
sible trees, rather than chasing after a single best one, and we should be able to consider the infor-
mation in the data and any prior information about the probabilities of the events. The fundamental
importance of evolutionary models is that they contain parameters, and if specific values can be
assigned to these parameters based on observations, such as an alignment of DNA sequences, then
biologists can learn something about how molecular evolution has occurred. Although both maxi-
mum likelihood and Bayesian analyses are based upon the likelihood function, there are fundamental
differences in how the two methods treat parameters. ML makes inferences about the parameters of
interest while fixing the values for the other parameters (nuisance parameters). However, Bayesians
assign a prior probability distribution to the nuisance parameters and the posterior probability is
calculated by integrating over all possible values of those nuisance parameters, weighting each by
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its prior probability. The advantage of this is that inferences about the parameters of interest do not
depend upon any particular value for the nuisance parameters. The disadvantage is that it may be
difficult to specify a reasonable prior for the parameters. Nevertheless, when there is a large amount
of information in the data and the likelihood function changes rapidly as the parameter values are
altered, the choice of prior is not so important and it is possible to use uniform or non-informative
priors. All branch lengths could be set as equally likely a priori, and a suitable non-informative
choice of prior for base frequencies could be to set all sets of frequencies that add up to one as
equally probable.
Markov models are routinely used in several domains of science and do not belong specifically
to the Bayesian inference methodology; however, they have revolutionized genetic inferences in
many aspects (Beaumont & Rannala 2004). A Markov model is a mathematical model for a process
with changes of state over time, in which future events occur by chance and depend only on the
current state and not on the history of how that state was reached. In molecular phylogenetics, the
states of the process are the possible nucleotides or amino acids present at a given time and position
in a sequence, and state changes represent mutations in sequences. Therefore, starting from an
evolutionary model and a set of nucleotide frequencies, we can get to an equilibrium at which any
state has a probability of occurrence that does not depend on the initial state of the process.
Under the MCMC search in a Bayesian framework, the probability of finding a tree will be
proportional to its likelihood multiplied by its prior probability. In that case, the new tree is either
accepted or rejected, using a rule known as the Metropolis algorithm. If the likelihood of the pro-
posed tree is larger than the likelihood of the current one, the proposed topology is accepted and it
becomes the next tree in the sample. If it is rejected, then the next tree in the sample is a repeat of
the original tree. It also allows moves that decrease the likelihood, in order to allow for sampling
of suboptimal trees. When the MCMC chain reaches the equilibrium, the probability of observing
each tree must be constant. This property is known as detailed balance. It is necessary to strike a
balance between moves that alter branch lengths and those that alter topology. If changes are very
large, then the likelihood ratio of the states will be far from 1, and the likelihood of accepting the
downhill move for sampling suboptimal trees will be very small. Finally, failure to diagnose a lack
of convergence of the MCMC chain will lead to incorrect tree topology estimates (Huelsenbeck et
al. 2002).
6.3 Distance methods
Distance matrix methods calculate a measure of the distance between each pair of species and then
find a tree that predicts the observed set of distances as closely as possible. This leaves out all
information from higher order combinations of character states, reducing the data matrix to a simple
table of pairwise distances. Distance methods use the same models of evolution as ML to estimate
the evolutionary distance between each pair of sequences from the set under analysis and then try to
fit a phylogenetic tree to those distances. The distances will usually be ML estimates for each pair
of sequences (considered independently of the other sequences). Disadvantages of distance methods
include the inevitable loss of evolutionary information when a sequence alignment is converted to
pairwise distances and the inability to deal with models containing parameters for which the values
are not known a priori (Steel et al. 1988). We are trying to find the n-species tree that is implied
by these distances. The difficulty in doing this is that the individual distances are not exactly the
path lengths in the full n-species tree between those two species. Since we are dealing with pairwise
distances, we need to be able to find the full tree that does the best job of approximating these
individual two-species trees.
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In order for distances that are used in these analyses to have the proper expectations, it is es-
sential that they are expected to be proportional to the total branch length between the species. If
the distances do not have the linearity property, then wrenching conflicts between fitting the long
distances and fitting the short distances arise, and the tree is the worse for them. There are sev-
eral distance matrix methods available in the literature. Two examples are minimum evolution and
neighbor-joining.
MinimumEvolution. This method seeks to find the tree with the shortest overall branch lengths.
First, the least squares trees are determined for different topologies, and the choice is made among
them by choosing the one of shortest total length. Rzhetsky & Nei (1993) showed that if the distances
were unbiased estimates of the true distance (many distances are not unbiased) then the expected
total length of the true tree was shorter than the expected total length of any other. However, that
is not the same as showing that the total length is always shorter for the true tree, as the lengths
vary along their expectation. Gascuel et al. (2001) have found cases where the minimum evolution
is inconsistent when branch lengths are inferred by weighted least squares or by generalized least
squares.
Neighbor-Joining. NJ is a clustering method that produces unrooted trees. It works by suc-
cessively clustering pairs of sequences together. It is related to the UPGMA method of inferring
a branching diagram from a distance matrix. Unlike the UPGMA method, NJ can facilitate con-
temporary tips of uneven length. This makes it a more appropriate tree reconstruction method than
UPGMA in those instances when evolution has not proceeded in a strictly clock-like fashion. NJ
is guaranteed to recover the true tree if the distance matrix happens to be an exact reflection of a
tree. However, in the real world, distances will not be exactly additive, and therefore NJ is just one
approximation. Furthermore, the NJ tree may be misleading. If the input distances are not close to
being additive, because pairwise distances were not properly calculated or because sequences were
not properly aligned, then NJ will give the wrong tree.
NJ is useful to rapidly search for a good tree that can then be improved by other criteria. Ota &
Li (2001) use neighbor-joining and bootstrapping to find an initial tree and identify which regions
are candidates for rearrangement. They then use ML for further refinement. This results in a sub-
stantial improvement in speed over pure likelihood methods. Moreover, modifications of NJ have
been developed to allow for differential weighting in the algorithm to take into account differences
in statistical noise. Gascuel (1997) has modified the NJ to allow for the variances and covariances
of the distances to be proportional to the branch lengths. This is a good approximation provided that
the branch lengths are not too long.
6.4 Maximum parsimony
The theoretical basis of this method is the philosophical idea that the best hypothesis to explain a
process is the one that requires the smallest number of assumptions (Occam’s Razor). If there are
no backward and no parallel substitutions at each nucleotide site (no homoplasy) and the number of
informative nucleotides examined is very large, maximum parsimony (MP) methods are expected to
provide the correct (realized) tree. MP assumes that maximizing the congruence among characters
will be equal to minimizing incongruence (homoplasy) (Farris 1983; Scotland 1997). Therefore,
computing programs will count the number of mutational changes (steps) we need to explain a par-
ticular tree and repeat this counting for thousands of trees. The tree or trees that need a minimum
number of changes to explain the relationships between species will be accepted as the most parsi-
monious tree.
There are two main dynamic programming algorithms for counting the number of changes of
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state. In both cases, the algorithm does not function by actually placing changes or reconstructing
states at the nodes of the tree. The Fitch algorithm works for characters with any number of states
provided one can change from any one to any other (Kluge & Farris 1969). Fitch characters are
reversible and unordered, meaning that all changes have equal cost. This is the criterion with fewest
assumptions, and is therefore generally preferable. The Fitch algorithm can be carried out in a num-
ber of operations that are directly proportional to the number of species on the tree, and, therefore,
the algorithm is less computationally demanding than other methods. The Sankoff algorithm starts
by assuming that one has a table of the cost of changes between each character state and each other
state. In this case, one computes the total cost of the most parsimonious combinations of events by
computing it for each character. Given that a node is assigned a particular character-state, we will
compute the minimal cost of all the events in the subtree that starts from that node and accept it as
the most parsimonious result.
Other algorithms allow us to reconstruct character states at the nodes of the tree. The Camin-
Sokal Parsimony algorithm (C-S) assumes that we know the ancestral state of the character. In its
simplest form, only two states are allowed (presence/absence) and reversals are impossible. One
application of C-S parsimony is in the evolution of small deletions of DNA, when we have no
reason to believe that they could revert spontaneously. In more complex cases, when deletions
overlap and we cannot be entirely sure whether any one of them is present or absent, C-S parsimony
would not be appropriate. C-S parsimony infers a rooted tree, since it will favour the placement
of the root in one particular part of the tree. In its simplest form, Dollo parsimony assumes that
there are two states (ancestral/derived). The main difference with C-S parsimony is that in this
case the derived state is allowed to evolve only once, but it is allowed to revert to the ancestral
state multiple times. The number of these reversions is the quantity being minimized, and it is
also an inherently rooted method. In ‘unweighted’ (=equal weighting) MP methods, nucleotide or
amino acid substitutions are assumed to occur in all directions with equal or nearly equal probability.
In reality, however, certain substitutions (e.g., transitional changes) occur more often than other
substitutions (e.g., transversional changes). It is therefore reasonable to give different weights to
different types of substitutions when the minimum number of substitutions for a given topology is
to be computed. MP methods incorporating a weight matrix for the different types of change are
weighted MP methods.
Once the most parsimonious phylogenetic tree has been recovered, we can still wonder about
the amount of parallelism or reversal that is found on the tree. A particular character state may
have evolved independently in two lineages, and multiple hits may cause a particular nucleotide
position to return to an ancestral state. Several indices have been developed to measure the relative
amount of homoplasy found in a particular tree. For example, the per-character consistency index
(ci) is defined as m/s, where m is the minimum possible number of character changes (steps) on
any tree, and s is the actual number of steps on the current tree. This index hence varies from one
(no homoplasy) towards zero (a lot of homoplasy). The ensemble consistency index CI is a similar
index, but summed over all characters.
The per-character retention index (ri) is defined as the ratio of (1) the differences between the
maximal number of steps for the character on any cladogram and the actual number of steps on the
current tree and (2) the differences between the maximal number of steps for the character on any
cladogram and the minimum possible number of character changes on any tree (Farris 1989). There-
fore, the retention index becomes zero when the site is least informative for MP tree construction,
that is, when the difference between the maximal number of steps for the character on any clado-
gram and the actual number of steps on the current tree is zero.
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7 NODE SUPPORT AND TREE COMPARISON
Measures of nodal support provide a useful summary of how well data support the relationships
defined by a tree. In the MP approach, the Bremer support (decay index) for a clade can be computed
as a measure of the confidence on that particular clade. The Bremer support is the number of extra
steps you need to construct a tree (consistent with the characters) where that clade is no longer
present. When several genes are included in the analysis, the parsimony-based method of partitioned
branch support (PBS) estimates the amount that each dataset contributes to a particular clade support,
so that we can estimate the extent to which the data partition supports the most parsimonious tree
over trees not including a particular clade (Gatesy et al. 1999). An equivalent “partitioned likelihood
support” (PLS) can be obtained for each dataset under a likelihood-based approach (Lee & Hugall
2003). Most measures of nodal support attempt to estimate the degree to which an analysis has
converged on a stable result. Of course, high support values do not mean that a node is accurate,
only that it is well supported by the data. It is well known that model misspecification and taxon
sampling can mislead the analysis (Hedtke et al. 2006).
Currently, the nonparametric bootstrap is one of the most widely used methods for assessing
nodal support (Felsenstein 1985). The nonparametric bootstrap is a statistical method by which dis-
tributions that are difficult to calculate exactly can be estimated by the repeated creation and analysis
of artificial datasets. A number of replicates (typically at least 1000) of the original characters (e.g.,
sites of a DNA sequence alignment) are randomly produced with replacement, obtaining a new
dataset in which some characters are represented more than once, some appear once, and some are
deleted. The perturbed datasets are each analyzed in the same manner as for the real data, and the
number of times that each grouping of species appears in the resulting profile of cladograms is taken
as an index of relative support for that grouping.
Perhaps the best interpretation of the bootstrap is that it quantifies the sensitivity of a node to
perturbations in the data (Holmes 2005). However, as commonly implemented, the bootstrap gives
a biased estimate of accuracy (Hillis & Bull 1993; Holmes 2005), where accuracy is defined as the
probability of obtaining a correct phylogenetic reconstruction (Penny et al. 1992). The statistical
theory of bootstrap requires that all positions of an alignment are independently and identically dis-
tributed, and this assumption does not apply to nucleotide or amino acid sequences. It is worthy
to point out the difference between nonparametric and parametric bootstrap. In the nonparametric
bootstrap, new datasets are generated by resampling from the original data, whereas in the para-
metric bootstrap, the data are simulated according to the hypothesis being tested. This well known
bias of the bootstrap has led researchers to seek other methods of estimating nodal support, and
perhaps the most popular alternative is Bayesian posterior probability (Larget & Simon 1999; Yang
& Rannala 1997). A nodal posterior probability is the probability that a given node is found in the
true tree, conditional on the observed data, and the model (including both the prior model and the
likelihood model). Early observations of Bayesian inference in phylogenetics demonstrated a ten-
dency for posterior probabilities to be more extreme than ML nonparametric bootstrap proportions,
although the two tended to be correlated (Buckley et al. 2002). Finally, Lewis et al. (2005) demon-
strated that if a polytomy exists but is not accommodated in the prior, resolution of the polytomy
will be arbitrary and the nodal support indicated by the posterior probability will appear unusually
high compared to ML bootstraps. Because we have little knowledge of the goodness of fit between
data and model in typical phylogenetic studies (although goodness of fit tests do exist), we have
little idea of the seriousness of the problem of model misspecification in current implementations of
Bayesian phylogenetic inference. Goodness of fit tests define how well a statistical model fits a set
of observations. Measures of goodness of fit typically summarize the discrepancy between observed
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values and the values expected under the model in question. The great advantage of the Bayesian
posterior probability is that this statistic is drawn from the same distribution that determines the best
estimate of tree topology, as opposed to a bootstrap analysis that requires 1000 reruns of the analysis.
7.1 Statistical tests of tree topologies
A variety of topology tests have been designed to compare different trees and thereby test alternative
hypotheses of phylogenetic relationships. There is a fundamental difference between testing a priori
phylogenetic hypotheses versus testing those generated through analyses. The Templeton (1983)
test and Kashino-Hasegawa (KH) test (Kishino & Hasegawa 1989) are nonparametric tests designed
to compare pairs of topologies selected before a phylogenetic analysis is run, with the Templeton
test using a parsimony framework and the KH test using a likelihood framework. However, these
approaches may become too liberal when one of the alternative topologies is one estimated from
the data (Goldman et al. 2000). In this case, the most widely used parametric test is the Swofford-
Olsen-Waddell-Hillis (SOWH) test (Swofford et al. 1996), which uses parametric bootstrapping
to simulate replicate datasets that are in turn used to obtain the null distribution. Shimodaira &
Hasegawa (1999) have described a non-parametric bootstrap test that directly succeeds the KH-test,
considering all possible topologies and making the proper allowance for their comparison with the
ML topology derived from the same data. Because of the nature of the null hypotheses employed
by the nonparametric tests, the Templeton, SH, and KH tests are generally more conservative than
the parametric tests (Aris-Brosou 2003; Buckley 2002; Goldman et al. 2000). The more explicit
reliance on models of evolution by the parametric tests makes them very powerful tests, yet they
are also more susceptible to model misspecification (Buckley 2002; Huelsenbeck et al. 1996; Shi-
modaira 2002). Bayesian tests of topology are becoming more commonly implemented than the
frequentist tests (Aris-Brosou 2003; Suchard et al. 2005). The Bayesian tests generally rely on
Bayes factors to compare marginal likelihoods generated under two hypotheses corresponding to
different topologies (Kass & Raftery 1995). The use of Bayes factors in testing topologies will
likely receive much greater attention in the future, since it allows for comparison of models that are
not hierarchically nested (Nylander et al. 2004).
8 USING MULTIPLE GENES
The best phylogenetic estimates come from using robust inference methods coupled with realistic
evolutionary models. However, good estimates of phylogeny ultimately depend on good data sets.
The two most obvious ways of increasing the accuracy of a phylogenetic inference are to include
more sequences in the data and/or to increase the length of the sequences used. Goldman (1998)
showed that adding more sequences to an analysis does not increase the amount of information relat-
ing to different parts of the tree uniformly over that tree, whereas the use of longer sequences results
in a linear increase in information over the whole of the tree. A potentially powerful approach is
to analyze the sequences as a concatenated whole or ‘meta-sequence.’ The simplest analysis would
be to assume that all the genes have the same patterns and rates of evolution (Cao et al. 1994).
This naı¨ve method should only be used when there is substantial evidence of a consistent evolu-
tionary pattern across all the genes, which can be assessed by statistical tests of different models
(as described above). Otherwise, differences amongst gene replacement patterns or rates can lead
to biased results. More advanced analyses of concatenated sequences are possible, which allow for
heterogeneity of evolutionary patterns among the genes studied (Yang 1996b). This heterogeneity
might be as complex as allowing each gene to evolve with different replacement patterns, and with
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different rates of replacement in all branches of the genes trees (Yang 1997).
The contradictions in the different phylogenetic reconstructions based on analysis of different
protein, gene, or noncoding sequences raise questions concerning the variability of evolutionary
processes and the reliability of averaging schemes such as sequence concatenation (Teichmann &
Mitchison 1999). Lateral transfer, fusion events, and recombination can make the evolutionary re-
lationships among genes unreliable indicators of the phylogenetic relationships among the species.
In that case, the Partition Homogeneity Test or incongruence length difference (ILD) test (Farris
et al. 1994) could be used for testing if every gene in the analysis is giving a heterogeneous sig-
nal under the maximum parsimony framework. However, this heterogeneity can come solely from
branch length differences and is not necessarily indicative of topological differences with different
data subsets. Finally, in the so-called ‘total evidence’ approach, genes are concatenated end to end,
including also information from morphological characters, and the whole dataset is analyzed using
parsimony (Ahyong & O’Meally 2004). This has the great advantage of taking into account the dif-
ferent amounts of sequence in different loci and of combining the evidence in a single tree that does
not depend on an arbitrary choice of consensus tree method. Still, if different loci have substantially
different rates of change, combining them into one dataset obscures evidence that indicates that one
locus should be treated differently from another. In order to include this heterogeneity in the phy-
logenetic analysis, Kolaczkowski & Thornton (2004) recently presented a new mixture model to
account for partitioned sequences. Even though there were some concerns about the computational
burdens of implementing more complex evolutionary models, these concerns can be accommodated
in a likelihood-based analysis. By using MCMC sampling, mixture models and likelihood-based
approaches could be used even when evolution is heterogeneous (Pagel & Meade 2004).
9 SUMMARY OF METHODS AND CONCLUSION
“The time will come I believe, though I shall not live to see it, when we shall have fairly
true genealogical trees of each great kingdom of nature.”
Darwin 1857.
Throughout this review, several methods have been introduced that try to infer phylogenetic re-
lationships between species using molecular data. (1) Maximum parsimony seeks to find the tree
that is compatible with the minimum number of substitutions among sequences. Finding a maxi-
mally parsimonious cladogram is usually a computationally intensive task, but for large problems,
fast heuristic algorithms can be employed, even though they cannot guarantee to find the optimal
cladogram. Parsimony analysis has been criticized for requiring very stringent assumptions of con-
stancy for substitution rates across sites and similar substitution rates among lineages. It has been
found that the performance of MP deteriorates when mutational rates differ between nucleotides or
across sites (Yang 1996) or if evolutionary rates are highly variable among evolutionary lineages
(Hendy & Penny 1989; DeBry 1992).
As more-divergent sequences are analyzed, the overall degree of homoplasy generally increases,
and this implies that the true evolutionary tree becomes less likely to be the one with the least number
of changes. Furthermore, when two evolutionary lineages that have undergone a high level of se-
quence evolution are separated by a short lineage, the long lineages will tend to be spuriously joined
in the most parsimonious cladogram produced from the resulting sequence data. Combinations of
conditions when this occurs are often called the ‘Felsenstein zone,’ and parsimony is particularly
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affected by this problem because of its inability to deal with homoplasy (Huelsenbeck 1997). Nev-
ertheless, MP methods have some advantages over other tree-building methods. Parsimony analysis
is very useful for dealing with morphological characters or some types of molecular data such as
insertion sequences and insertion/deletions, and weighted MP methods can be constructed to incor-
porate information on the evolutionary process.
(2) Distance methods such as neighbor-joining seek to reconstruct the tree topology that best
represents the matrix of distances between pairs of taxonomic units. As with all greedy methods,
the NJ algorithm is not guaranteed to find the globally best solution to a general distance matrix
with error (Pearson et al. 1999). In an effort to alleviate this problem, some generalizations of the
NJ method have been proposed that explore multiple low-error paths in progressively clustering the
sequences (Kumar 1996; Pearson et al. 1999). However, the most serious problem with distance
methods is that they require a reliable measure of evolutionary distances between sequences. When
evolutionary rates vary from site to site in molecular sequences, distances can be corrected for this
variation. When variation of rates is large, these corrections become important. In likelihood meth-
ods, the correction can use information from changes in one part of the tree to inform the correction
in others, but a distance matrix method is inherently incapable of propagating the information in
this way. Thus, distance matrix methods must use information about rate variation substantially less
efficiently than likelihood methods (Felsenstein 2004).
(3) Likelihood-based methods permit the application of mathematical models that incorporate
our knowledge on typical patterns of sequence evolution, resulting in more powerful inferences.
Furthermore, they use a complete statistical methodology that permits hypothesis tests, enabling
validation of the results at all stages: from the values of parameters in evolutionary models, through
the comparison of competing models describing the biological factors most important in sequence
evolution, to the testing of hypotheses of evolutionary relationship. Computer programs for the
robust statistical evolutionary analysis of molecular sequence data are widely available (Table 1).
Nevertheless, ML methods do not directly assign probabilities to the parameters, and if one wants
to describe the uncertainty in an estimate, one has to repeat the analysis multiple times (bootstrap)
increasing the computational cost. In Bayesian inference, information can be drawn directly from
the simulated joint distribution of parameters at a reasonable computational cost. On the other hand,
a review of the current Bayesian phylogenetic literature indicates that much more emphasis needs
to be placed on developing more realistic models, checking the effects of the priors, and monitoring
the convergence of posterior distributions.
All in all, it should be pointed out that systematic error will confound any tree reconstruction
method. Situations such as long-branch-attraction and base-compositional bias are examples of
systematic bias. When inferring phylogenies, we try to define the actual succession of divergence
events from the present sampled sequences. This means that the actual genes sampled (gain and loss
of genes happens, but we rely only on those genes for which homology can be ascertained), species
sampled (extinction of intermediate taxa), selection (causing either among sites or among loci rate
variation) and the population parameters (mutation rates, recombination rates, effective population
sizes, etc.) all may influence the strength of the phylogenetic signal. In conclusion, phylogenetic
inference should be approached not as a tool for getting a definitive answer for a taxonomical prob-
lem, but rather as a tool for asking new questions on the evolution of molecules and morphology in
different species and for trying to uncover the causes of such differences in their evolution.
26 Palero & Crandall
Table 1. A sampling of phylogenetic software to perform evolutionary analyses (see http://












POY Optimization alignment http://research.amnh.org/scicomp/
projects/poy.php
Varo´n et al. 2007























































Thanks are due to P. Abello´, M. Pascual and E. Macpherson for encouraging the completion of this
study. This work was supported by a pre-doctoral fellowship awarded by the Autonomous Govern-
ment of Catalonia (2006FIC-00082) to FP and by a grant from the US NSF EF-0531762 awarded to
KAC. FP is part of the research group 2005SGR-00995 of the Generalitat de Catalunya. Research
was funded by project CGL2006-13423 from the Ministerio de Educacin y Ciencia. FP acknowl-
edges EU-Synthesys grant (GB-TAF-1637).
Phylogenetic Inference Using Molecular Data 27
REFERENCES
Ahyong, S.T. & O’Meally, D. 2004. Phylogeny of the Decapoda. Reptantia: resolution using three
molecular loci and morphology. Raffl. Bull. Zool. 52:673693.
Aris-Brosou, S. 2003. Least and most powerful phylogenetic tests to elucidate the origin of the seed
plants in presence of conflicting signals under misspecified models. Syst. Biol. 52:781-793.
Beaumont, M. & Rannala B. 2004. The Bayesian revolution in genetics. Nat. Rev. Genet. 5:251261.
Benavides, E., Baum, R.,McClellan, D. & Sites, J.W. 2007. Molecular phylogenetics of the lizard
genus Microlophus (Squamata:Tropiduridae): Aligning and retrieving indel signal from nuclear
introns. Syst. Biol. 56:776-797.
Brown, W.M. et al. 1982. Mitochondrial DNA sequences of primates: tempo and mode of evolution.
J. Mol. Evol. 18:225239.
Bruno, W.J. et al. 2000. Weighted neighbor-joining: a likelihood-based approach to distance based
phylogeny reconstruction. Mol. Biol. Evol. 17:189197.
Buckley, T.R. 2002. Model misspecification and probabilistic tests of topology: evidence from
empirical data sets. Syst. Biol. 51:509-523.
Buckley, T.R., Arensburger, P., Simon, C., & Chambers. G. K. 2002. Combined data, Bayesian
phylogenetics, and the origin of the New Zealand cicada genera. Syst. Biol. 51:4-18.
Cao, Y. et al. 1994. Phylogenetic relationships among eutherian orders estimated from inferred
sequences of mitochondrial proteins: instability of a tree based on a single gene. J. Mol. Evol.
39:519527.
Castresana, J. 2000. Selection of conserved blocks from multiple alignments for their use in phylo-
genetic analysis. Mol. Biol. Evol. 17:540-552.
Castresana, J. 2007. Topological variation in single-gene phylogenetic trees. Genome Biol. 8:216.
Drummond, A.J. & Rambaut, A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evol. Biol. 7:214.
Edgar, R.C. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput.
Nucl. Acids Res. 32:1792-97.
Edwards, A.W.F. & Cavalli-Sforza, L.L. 1964. Reconstruction of evolutionary trees. Pp. 67-76 in
J. McNeill, ed. Phenetic and phylogenetic classification. Systematics Association Publication,
London.
Egan, A.N. & Crandall, K.A. 2008. Incorporating gaps as phylogenetic characters across eight
DNA regions: Ramifications for North American Psoraleeae (Leguminosae) Mol. Phylo. Evol.
46:532-546.
Farris J.S. 1983. The logical basis of phylogenetic analysis. In: Advances in Cladistics (Edited by
Platnick N.I. & Funk V.A.), pp. 1-36. Columbia Uni. Press, New York.
Farris, J.S. 1989. The retention index and the rescaled consistency index. Cladistics 5:417-419.
Farris, J.S., Ka¨llersj, M., Kluge, A.G. & Bult, C. 1994. Testing significance of incongruence. Cladis-
tics 10:315-319.
Felsenstein, J. 1978. The number of evolutionary trees. Syst. Zool. 27:2733.
Felsenstein, J. 1981. Evolutionary trees from DNAsequences: a maximum likelihood approach. J.
Mol. Evol. 17:368376.
Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. Evolution
39:783791.
Felsenstein, J. 2004. Inferring Phylogenies. Sinauer Associates Inc., Massachusetts. 664 pp.
Felsenstein, J. 2005. PHYLIP (Phylogeny Inference Package) version 3.6. Distributed by the author.
28 Palero & Crandall
Department of Genome Sciences, University of Washington, Seattle.
Frank, A.C. & Lobry, J.R. 1999. Asymmetric substitution patterns: a review of possible underlying
mutational or selective mechanisms. Gene 238:6577.
Gascuel, O. 1997. BIONJ: an improved version of the NJ algorithm based on a simple model of
sequence data. Mol. Biol. Evol. 14:685695.
Gascuel, O., Bryant, D., & Denis, F. 2001. Strengths and limitations of the minimum-evolution
principle. Syst. Biol. 50:621-627.
Gatesy, J., O’Grady, P. & Baker R.H. 1999. Corroboration among data sets in simultaneous analysis:
Hidden support for phylogenetic relationships among higher-level artiodactyl taxa. Cladistics
15:271 313.
Glenner, H., Lu¨tzen, J. & Takahashi, T. 2003. Molecular evidence for a monophyletic clade of
asexually reproducing parasitic barnacles: Polyascus, new genus (Cirripedia: Rhizocephala). J.
Crust. Biol. 23:548-557.
Goldman, N. 1993. Statistical tests of models of DNA substitution. J. Mol. Evol. 36:182198.
Goldman, N. 1998. Phylogenetic information and experimental design in molecular systematics.
Proc. R. Soc. London Ser. B 265:17791786.
Goloboff, P., Farris, J.S. & Nixon, K. 2003. TNT: Tree analysis using new technology Program and
documentation, available from the authors, and at http://www.zmuc.dk/public/phylogeny.
Guindon, S. & Gascuel, O. 2003. A simple, fast and accurate algorithm to estimate large phylogenies
by maximum likelihood. Syst. Biol. 52:696704.
Harvey, P. H. & Pagel, M.D. 1991. The Comparative Method in Evolutionary Biology. Oxford
University Press, Oxford.
Hasegawa, M. & Kishino, H. 1989. Confidence limits on the maximum-likelihood estimate of the
hominoid tree from mitochondrial-DNA sequences. Evolution 43:672677.
Hedtke, S.M., Townsend, T.M., & Hillis, D.M. 2006. Resolution of phylogenetic conflict in large
data sets by increased taxon sampling. Syst. Biol. 55:522529.
Holmes, I. 2005. Using evolutionary Expectation Maximization to estimate indel rates. Bioinfor-
matics 21:22942300.
Huelsenbeck, J.P. 1995. Performance of phylogenetic methods in simulation. Syst. Biol. 44:1748.
Huelsenbeck, J.P. 1997. Is the Felsenstein zone a fly trap? Syst. Biol. 46:6974.
Huelsenbeck, J.P. & Rannala, B. 1997. Phylogenetic methods come of age: testing hypotheses in an
evolutionary context. Science 276:227232.
Kass, R.E. & Raftery, A.E. 1995. Bayes factors. J. Amer. Stat. Assoc. 90:773-795.
Keller, I., Bensasson, D. & Nichols, R.A. 2007. Transition-Transversion Bias Is Not Universal:
A Counter Example from Grasshopper Pseudogenes. PLoS Genet 3(2): e22. doi:10.1371/
journal.pgen.0030022
Kishino, H. & Hasegawa, M. 1989. Evaluation of the maximum likelihood estimate of the evolu-
tionary tree topologies from DNA sequence data, and the branching order in Hominoidea. J.
Mol. Evol. 29:170179.
Kitchin, I.J., Forey, P.L., Humphries, C.J. & Williams, D.M. 1998. Cladistics. Oxford University
Press, Oxford.
Kolaczkowski B. & Thornton, J.W. 2004. Performance of maximum parsimony and likelihood
phylogenetics when evolution is heterogeneous, Nature 431:980984.
Lake, J.A. 1991. The order of sequence alignment can bias the selection of tree topology. Mol. Biol.
Evol. 8:378-385.
Larget, B. & Simon, D. 1999. Markov chain Monte Carlo algorithms for the Bayesian analysis of
phylogenetic trees. Mol. Biol. Evol. 16:750759.
Phylogenetic Inference Using Molecular Data 29
Lee, M.S.Y. & Hugall, A. F. 2003. Partitioned likelihood support. and the evaluation of data set
conflict. Syst. Biol. 52:15-22.
Lee, M.S.Y. & Hugall, A.F. 2006. Model type, implicit data weighting, and model averaging in
phylogenetics. Mol. Phyl. Evol. 38:848857.
Lio`, P. & Goldman, N. 1998. Models of molecular evolution and phylogeny. Genome Res. 8:1233-
1244.
Lutzoni, F., Wagner, P., Reeb, V. & Zoller, S. 2000. Integrating ambiguously aligned regions of
DNA sequences in phylogenetic analyses without violating positional homology. Syst. Biol.
49:628-651.
Mau, B. et al. 1999. Bayesian phylogenetic inference via Markov chain Monte Carlo methods.
Biometrics 55:112.
Moore, G., Goodman, M. & Barnabas, J. 1973. An iterative approach from the standpoint of the
additive hypothesis to the dendrogram problem posed by molecular data sets. J. Theor. Biol.
38:423-457.
Needleman S.B. & Wunsch C.D. 1970. A general method applicable to the search for similarities in
the amino acid sequence of two proteins. J. Mol. Biol. 48:443-53.
Nielsen, R. & Yang, Z. 1998. Likelihood models for detecting positively selected amino acid sites
and applications to the HIV-1 envelope gene. Genetics 148:929936.
Nixon, K.C. 1999. The Parsimony Ratchet, a new method for rapid parsimony analysis. Cladistics
15:407-414.
Nixon, K.C. 2002. WinClada ver. 1.00.08 Published by the author, Ithaca, NY.
Nylander, J.A.A. 2004. MrModeltest v2. Program distributed by the author. Evolutionary Biology
Centre, Uppsala University.
Nylander, J.A., Ronquist, F., Huelsenbeck, J.P. & Nieves-Aldrey, J.L. 2004. Bayesian phylogenetic
analysis of combined data. Syst. Biol. 53:4767.
Ogden, T.H. & Whiting, M. 2003. The problem with “the Paleoptera Problem”: sense and sensitiv-
ity. Cladistics 19:432442.
Ogden, T.H. & Rosenberg, M. 2006. How should gaps be treated in parsimony? A comparison of
approaches using simulation. Mol. Phylo. Evol. 42:817826.
Ogden, T.H. & Rosenberg, M. 2007. Alignment and topological accuracy of the direct optimization
approach via POY and traditional phylogenetics via ClustalW + PAUP*. Syst. Biol. 56:182-193.
Ota, S. & Li, W.H. 2001. NJML+: An extension of the NJML method to handle protein sequence.
data and computer software implementation, Mol. Biol. Evol. 18:1983-1992.
Pagel, M. & Meade, A. 2004. A phylogenetic mixture model for detecting pattern-heterogeneity in
gene sequence of character-state data. Syst. Biol. 53:571-581.
Philippe, H. & Forterre, P. 1999. The rooting of the universal tree of life is not reliable. J. Mol. Evol.
49:509-523.
Porter, M.L., Cronin, T., McClellan, D.A. & Crandall, K.A. 2007. Molecular characterization of
crustacean visual pigments and the evolution of pancrustacean opsins. Mol. Biol. Evol. 24:253-
268.
Posada, D. & Crandall, K.A. 1998. Modeltest: testing the model of DNA substitution. Bioinformat-
ics 14:817-818.
Posada, D. & Crandall, K.A. 2001. Selecting the best-fit model of nucleotide substitution. Syst.
Biol. 50:580-601.
Posada, D. & Buckley, T.R. 2004. Model selection and model averaging in phylogenetics: Advan-
tages of Akaike Information Criterion and Bayesian approaches over Likelihood Ratio Tests.
Syst. Biol. 53:793-808.
30 Palero & Crandall
Redelings, B. & Suchard, M. 2005. Joint Bayesian estimation of alignment and phylogeny. Syst.
Biol. 54:401-418.
Robinson, D.F. 1971. Comparison of labeled trees with Valency Three. J. Combin. Theor. 11:105-
119.
Rogers, J.S. 1997. On the consistency of maximum likelihood estimation of phylogenetic trees from
nucleotide sequences. Syst. Biol. 46:354357.
Ronquist, F. & Huelsenbeck, J.P. 2003. MRBAYES 3: Bayesian phylogenetic inference under mixed
models. Bioinformatics 19:1572-1574.
Rzhetsky, A. & Nei, M. 1993. Theoretical foundation of the minimum evolution method of phylo-
genetic inference. Mol. Biol. Evol. 10:1073-1095.
Scho¨niger, M. & von Haeseler, A. 1994. A stochastic model for the evolution of autocorrelated
DNA sequences. Mol. Phylo. Evol. 3:240247.
Segawa, R.D. & Aotsuka, T. 2005. The mitochondrial genome of the Japanese freshwater crab,
Geothelphusa dehaani (Crustacea: Brachyura): evidence for its evolution via gene duplication.
Gene 355:28-39.
Shimodaira, H. & Hasegawa, M. 1999. Multiple comparisons of log-likelihoods with applications
to phylogenetic inference. Mol. Biol. Evol. 16:11141116.
Song, H., Buhay, J.E. Whiting, M.F. & Crandall, K.A. 2008. DNA barcoding overestimates the
number of species when nuclear mitochondrial pseudogenes are coamplified. Proc. Nat. Acad.
Sci. USA :in press.
Stamatakis, A., Ludwig, T. & Meier, H. 2005. RAxML-III: a fast program for maximum likelihood-
based inference of large phylogenetic trees. Bioinformatics 21:456-463.
Steel, M.A. et al. 1988. Loss of information in genetic distances. Nature 336:118.
Steel, M. & Penny, D. 2000. Parsimony, likelihood, and the role of models in molecular phyloge-
netics. Mol. Biol. Evol. 17:839850.
Suchard, M.A. & Redelings, B.D. 2006. BAli-Phy: simultaneous Bayesian inference of alignment
and phylogeny. Bioinformatics 22:2047-2048.
Swofford, D. L. 2003. PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods).
Version 4. Sinauer Associates, Sunderland, Massachusetts.
Swofford, D.L., Olsen, G.J., Waddell, P.J. & Hillis, D.M. 1996. Phylogenetic inference. In: Molec-
ular Systematics, second edition (Edited by Hillis D.M., Moritz C.& Mable B.K.), pp. 407-514.
Sinauer Associates, Sunderland.
Tamura, K., Dudley, J., Nei, M. & Kumar, S. 2007. MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24:1596-1599.
Teichmann, S.A. & Mitchison, G. 1999. Making family trees from gene families. Nat. Genet.
21:66-67.
Templeton, A.R. 1983. Convergent evolution and nonparametric inferences from restriction data
and DNA sequences. Pp. 151-179 in B. S. Weir, ed. Statistical Analysis of DNA Sequence Data.
Marcel Dekker, Inc., New York.
Thompson, J.D., Higgins, D.G. & Gibson, T.J. 1994. CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, positions-specific gap
penalties and weight matrix choice. Nucl. Acids Res. 22:4673-4680.
Thorne, J.L., Kishino, H. & Felsenstein, J. 1991. An evolutionary model for maximum likelihood
alignment of DNA sequences. J. Mol. Evol. 33:114-124.
Thorne, J.L. & Kishino, H. 1992. Freeing phylogenies from artifacts of alignment. Mol. Biol. Evol.
9:1148-1162.
Thorne, J.L. & Kishino, H. 2002. Divergence time and evolutionary rate estimation with multilocus
Phylogenetic Inference Using Molecular Data 31
data. Syst. Biol. 51:689702.
Varo´n, A., Vinh, L.S., Bomash, I. & Wheeler, W.C. 2007. POY 4.0 Beta 2635. American Museum
of Natural History.
Weston, P.H. 1994. Methods for rooting cladistic trees. In: Models in Phylogeny Reconstruction
(Edited by Scotland R.W., Siebert D.J. & Williams D.M.), pp. 125-155. Oxford Uni. Press,
Oxford.
Yang, Z. et al. 1994. Comparison of models for nucleotide substitution used in maximum-likelihood
phylogenetic estimation. Mol. Biol. Evol. 11:316324.
Yang, Z. 1996a. Among-site rate variation and its impact on phylogenetic analysis. Trends Ecol.
Evol. 11:367372.
Yang, Z. 1996b. Maximum-likelihood models for combined analyses of multiple sequence data. J.
Mol. Evol. 42: 587596.
Yang, Z. 1997. PAML: a program package for phylogenetic analysis by maximum likelihood.
CABIOS 13:555556.
Yang, Z. & Rannala, B. 1997. Bayesian phylogenetic inference using DNA sequences: Markov
chain Monte Carlo methods. Mol. Biol. Evol. 14:717724.
Yang, Z. et al. 2000. Codon-substitution models for heterogeneous selection pressure at amino acid
sites. Genetics 155:431449.
Zanotto, P.M. et al. 1999. Genealogical evidence for positive selection in the nef gene of HIV-1.
Genetics 153:10771089.
Zwickl, D. J. 2006. Genetic algorithm approaches for the phylogenetic analysis of large biological



















TITLE: Phylogenetic relationships between spiny, slipper and coral lobsters (Crustacea, 
Decapoda, Achelata). 
Ferran Palero*(1,3), Keith A. Crandall(2), Pere Abelló(3), Enrique Macpherson(4), Marta 
Pascual(1) 
 
(1) Departament de Genètica, Facultat de Biologia, Universitat de Barcelona, Av. 
Diagonal 645, 08028 Barcelona, Spain (2) Department of Biology, Brigham Young 
University, Provo, UT 84602, USA (3) Institut de Ciències del Mar (CSIC), Passeig 
Marítim de la Barceloneta 37-49, 08003 Barcelona, Spain (4) Centre d’Estudis Avançats 
de Blanes (CSIC), Carrer d’Accés a la Cala Sant Francesc 14, 17300 Blanes, Spain 
 
 
KEY WORDS: Palinuridae, Decapoda, Rapid radiation, Tethys 
 
Corresponding author: FERRAN PALERO Departament de Genètica, Facultat de 





























Molecular data can aid in the resolution of conflicting hypotheses generated 
through difficulties in the interpretation of morphological data and/or an incomplete fossil 
record. Moreover, the reconstruction of phylogenetic relationships using molecular data 
may help to trace back the origin of morphological innovations which had a major impact 
on the radiation of a taxonomical group. In this work, different nuclear (18S, 28S and H3) 
and mitochondrial (16S and COI) gene regions were sequenced in a total of 35 Achelata 
species to test conflicting hypotheses of evolutionary relationships within the Achelata 
infraorder and solve the taxonomic disagreements in the group. The combined molecular 
dataset strongly supports the hypothesis that Achelata is a monophyletic group composed 
of two main families: Palinuridae and Scyllaridae. Synaxidae is found to be a 
polyphyletic group, which should be included within Palinuridae. Consequently, our 
results indicate that the origin of the stridulating organ occurred only once during 
Achelata evolution. Finally, the two main clades found within the Scyllaridae are in 
agreement with previous inferences based on adult morphological data. The dating of 
divergence of Achelata obtained with a relaxed-clock model is compatible with previous 



































It is increasingly apparent that systematics and taxonomy are interconnected and 
that advances in one area can bring substantial benefits to the other. Traditional 
classification has focused mainly on morphological comparisons of organisms, 
sometimes resulting in conflicting hypotheses when the homology of morphological 
characters was difficult to establish or when there was not enough evidence of shared 
ancestry from the fossil record (Moritz and Hillis, 1996; Garcia-Machado et al., 1999). 
Molecular systematics provides a powerful approach to study phylogenetic relationships 
among organisms, which may help to resolve taxonomic uncertainties even for deep 
phylogenetic levels. Combining both fast and slow-evolving genes is recommended when 
inferring phylogenetic relationships across a broad evolutionary framework using 
molecular data (Yang, 1998). Slowly-evolving genes may help to infer deep-level 
phylogeny because of the presence of a higher proportion of phylogenetically reliable 
characters (Graham and Olmstead, 2000; Wortley et al., 2005) and, given sufficient taxon 
sampling, rapidly evolving regions can also be phylogenetically informative (Borsch et 
al., 2003; Hilu et al., 2004). Moreover, it has been shown that for typical data sets, the 
number of genes utilized may be even more important for phylogenetic accuracy than the 
number of taxa analyzed (Rokas and Carroll, 2005). 
An example of taxonomic controversies at different phylogenetic levels is found 
in achelatan lobsters. Even though the monophyly of the infraorder Achelata is generally 
accepted, deep-phylogenetic relationships within the group still remain uncertain 
(Holthuis, 1991; Patek and Oakley, 2003). The Achelata contains three main families, 
namely Palinuridae (spiny lobsters), Scyllaridae (slipper lobsters) and Synaxidae (furry or 
coral lobsters).  These families share a unique larval phase called phyllosoma and lack 
chelae on their first pair of pereiopods (Scholtz and Richter, 1995; Dixon et al., 2003). 
Spiny lobsters are one of the most commercially important groups of decapod crustaceans 
(Palero and Abelló, 2007; Follesa et al., 2007) and have received great attention during 
recent years, including numerous studies on their ecology, phylogeography, and 
molecular phylogeny (Diaz et al., 2001; Patek and Oakley, 2003; Palero et al., 2008a). 

































probably because they do not include many species of commercial interest (Holthuis, 
1991). Two controversial hypotheses have been proposed with respect to the evolution of 
achelatan lobsters based on paleontological (Förster, 1973) and morphological (Bate, 
1881; Holthuis, 1991) evidence. Förster’s hypothesis based on achelatan fossils (Fig. 1A) 
placed Scyllaridae within Palinuridae and hence this latter would be a paraphyletic group 
(Förster, 1973). The second hypothesis, which we call the Synaxidae hypothesis (Fig. 
1B), is the most commonly accepted and assumes reciprocal monophyly of the three 
families Palinuridae, Synaxidae, and Scyllaridae (Martin and Davis, 2001; GBIF Data 
Portal). Recent morphologically-based reconstructed phylogenies for all Decapoda either 
presented a basal polytomy with the three previously established families (Schram, 2001) 
or supported closer relationships between Palinuridae and Scyllaridae, with Synaxidae 
being the most basal Achelata (Dixon et al., 2003). Finally, molecular-based phylogenies 
for all Decapoda also showed differing results, with low support for the intra-Achelata 
relationships being proposed (Ahyong and O’Meally, 2004; Porter et al., 2005; Tsang et 
al., 2008), presumably due to poor sampling within the Achelata as this was not the focus 
of these studies. 
Within the Palinuridae, evolutionary relationships also present some uncertainties. 
Following Parker (1884), palinurid genera are commonly divided into spiny lobsters with 
a stridulating organ or Stridentes (Linuparus, Palinustus, Puerulus, Palinurus, Panulirus 
and Justitia) and without a stridulating organ or Silentes (Jasus, Sagmariasus and 
Projasus). The stridulating organ allows Stridentes to make a ‘‘rasp’’ sound by rubbing 
an extension off the base of each antenna (the plectrum) over the antennular plate and 
represents an evolutionary adaptation for communication and defense (Moulton, 1957; 
Patek and Oakley, 2003). George and Main (1967) considered the pair of genera 
Linuparus/Puerulus as representatives of the ancestral stridentes stock based on the shape 
of the female pleopod on the second abdominal segment (Fig. 1C). Baisre (1994) found 
support for some of the phylogenetic relationships suggested in George and Main (1967) 
using larval characters, even though in this case Puerulus clustered with Palinurus (Fig. 
1D). Furthermore, previous molecular studies were not able to find strong statistical 
support for the relationships among genera within Palinuridae and found some indications 

































comprehensive review of the group, George (2006) pointed out the current uncertainties 
with the placement of the genus Justitia and the monophyly of the Silentes clade, while 
maintaining George and Main’s (1967) clade Linuparus/Puerulus (Fig. 1E). 
The Scyllaridae family is presently divided into four main subfamilies, and its 
morphology has been thoroughly revised during the last decades (Holthuis 1985, 1991, 
2002). Slipper lobsters are a clear monophyletic group characterized by having the 
antennal flagellum reduced to a flat plate which functions as a steer to help escape from 
predators (Spanier and Weihs, 1990). The established Scyllaridae subfamilies are 
Arctidinae (including the genera Scyllarides and Arctides), Ibacinae (Ibacus, Evibacus 
and Parribacus), Theninae (Thenus) and Scyllarinae (including Scyllarus and 13 new 
genera proposed by Holthuis, 2002). However, no molecular phylogeny has been 
developed so far for Scyllaridae and our understanding of the evolution of scyllarid 
lobsters is only in its infancy (Schram, 2007).  
Finally, the family Synaxidae includes only three rather rare species belonging to 
two different genera (Palybithus and Palinurellus). Even though they have been grouped 
together through shared characters such as a flat triangular rostrum, a carapace without 
frontal horns and a narrow thoracic sternum (Holthuis, 1991), some concerns have been 
raised regarding the validity of their taxonomic position (Davie, 1990). Patek and Oakley 
(2003) indicated in a recent molecular study that maybe both Palybithus and Palinurellus 
should be placed among the Palinuridae, even though their results were inconclusive. 
Under the traditional classification scheme, the presence of a stridulating organ in 
Palybithus and absence in Palinurellus would imply that either this specialized structure 
appeared twice (once in the Synaxidae lineage and again in the Stridentes) or that it 
disappeared twice (once in the Synaxidae lineage and again in the Silentes) (Holthuis, 
1991). 
The present study aims to provide new insights on conflicting hypotheses of the 
evolutionary relationships among taxa using both slow and fast-evolving molecular 
markers. A total of 5.4 kb sequence data from three nuclear and two mitochondrial genes 
has been analyzed in 35 species belonging to 14 different genera of the decapod 
crustacean Achelata infraorder and including representatives of all known genera of the 





morphological innovations that had a major impact on the radiation of a taxonomic group 
(e.g., stridulating organ). We also date the divergence time among taxa using the 





































A total of 35 species from 14 different genera of the infraorder Achelata were 
included in the analysis (Table 1). All known Achelata genera were included except the 
scyllarid genera Ibacus, Evibacus and Arctides, due to difficulties with sampling them. In 
order to avoid an outgroup selection effect on phylogenetic reconstruction, both closely 
and more distantly related outgroups were also included in the analysis. Two different 
genera of Nephropoidea (Homarus and Nephrops) were included as outgroups since 
multiple studies (Tam and Kornfeld 1998; Tsang 2008) have suggested sister 
relationships between the Achelata and Astacidea (Table 1). Polycheles typhlops was also 
included in the analysis considering that Polychelidae used to be grouped with achelatan 
lobsters in the infraorder Palinura; although they now belong to the infraorder 
Polychelida (Scholtz and Richter, 1995). By adding external outgroups, we expect to 
better define the relationships among palinurid, scyllarid and synaxid genera. 
Tissue samples were preserved in 100% ethanol and total genomic DNA extraction 
was performed using the QIAamp DNA mini Kit (QIAGEN Inc). Amplification of a total 
of 8 segments from 5 different genes (28S, 18S, H3, 16S and COI) was accomplished 
using either universal or newly designed primers (Table 2). Amplification was carried out 
with 30 ng of genomic DNA in a reaction containing 1U of Taq polymerase (Amersham), 
1Χ buffer (Amersham), 0.2 µM of each primer and 0.12 mM dNTPs. The PCR thermal 
profile used was 94°C for 4 min for initial denaturation, followed by 30 cycles of 
denaturation at 94°C for 30 s, annealing temperature as indicated in Table 2 for 30 s, 
extension at 72°C for 30 s, and a final extension at 72°C for 4 min. Amplified PCR 
products were purified with QIA Quick Purification Kit (Qiagen Inc., Maryland, US) 
before sequencing the product. The sequences were obtained using the Big-Dye Ready-
Reaction kit v3.1 (Applied Biosystems) on an ABI Prism 3770 automated sequencer from 
the Scientific and Technical Services of the University of Barcelona. The gene sequences 
obtained have been deposited in GenBank under accession numbers indicated in Table 1. 
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Alignments of the 5 gene data sets were conducted using the program Muscle 
v3.6 (Edgar, 2004) with default parameters and were then checked by eye. To avoid 
alignment ambiguity for the three rDNA genes, gaps and hyper-variable regions were 
excluded from further analysis using GBlocks software v0.91b (Castresana, 2000). To 
examine possible incongruence between genes, we used the incongruence length 
difference (ILD) test (Farris et al., 1994) referred to as a partition homogeneity test in 
PAUP 4.0b10a (Swofford, 2003). A total of 1000 replicates of the ILD test with 10 
random addition sequences were run. Before carrying out the likelihood-based analysis, 
model selection of nucleotide substitution was performed with MrAIC (Nylander, 2004) 
for each gene individually and for the global data set according to the AIC criterion. The 
combined mitochondrial and nuclear genes dataset was used to estimate maximum 
likelihood (ML) phylogenies using GARLI v.0.951 (Zwickl, 2006). A total of 4 different 
runs were carried out in Garli using default parameters. Bootstrap branch support values 
were calculated with 100 ML replicates. Bayesian inference (BI) was carried out with 
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) allowing the program to estimate 
parameters for each gene partition. The Bayesian posterior probabilities (BPP) were 
obtained by performing three separate runs with four Markov chains. Each run was 
conducted with 2,000,000 generations and sampled every 100 generations. Convergence 
was checked by examining the generation plot visualized with TRACER v1.4 (Rambaut 
and Drummond, 2007) and computing the potential scale reduction factor (Gelman and 
Rubin, 1992) with the sump command in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 
2003). A consensus tree was calculated after omitting the first 25% of the iterations as 
burn-in.  
 
Testing alternative hypothesis 
 
Besides the unconstrained search, MrBayes runs were carried out using the same 
conditions but including several constrained searches in order to test the two main 

































to test the Synaxidae hypothesis (Fig 1B), sampling only topologies that included 
Palinurellus and Palybithus clustering together in a separate clade. In the second 
constrained search for testing the Förster hypothesis (Fig 1A), scyllarid genera were made 
to cluster together with Linuparus and Puerulus in every sampled tree. When testing 
evolutionary hypotheses within Palinuridae, a constrained search was made to sample 
only topologies that included Puerulus and Linuparus clustered together in a separate 
clade (George and Main hypothesis, Fig 1C) and the other constrained search sampling 
only topologies that included Puerulus and Palinurus clustered together in a separate 
clade (Baisre hypothesis, Fig 1D). We employed the Bayes factor to compare the 
different models (Nylander et al., 2004), evaluating the hypothesis (H0) that our 
constrained and unconstrained BI topologies explain the data equally well, versus the 
alternative hypothesis (H1) that constrained BI searches provide a poorer explanation of 
the data. We calculated the Bayes factor as twice the difference in the harmonic mean −ln 
L scores (2ln B01) between alternative hypotheses (Brandley et al., 2005) and compared 
these values to the framework provided by Kass and Raftery (1995) where <0 is evidence 
against H1, 0–2 provides no evidence for H1, 2–6 is positive support for H1, 6–10 is 
strong support for H1, and >10 is very strong support for H1 (see Nylander et al., 2004 
and Brandley et al., 2005).  
 
Divergence time and biogeographical estimation 
 
The relaxed-clock analysis was used to infer divergence times. It has been shown 
that the “uncorrelated relaxed-clock” models, in which the mutation rates in each branch 
are allowed to vary within particular constraints, perform better than strict molecular 
clock or the correlated models (Drummond et al., 2006). We used the Bayesian relaxed 
clock uncorrelated lognormal approach as implemented in BEAST v1.4.7 (Drummond 
and Rambaut, 2007) with the corresponding model of sequence evolution previously 
inferred for each gene partition and a Yule process for the tree prior. We calibrated two 
nodes using a uniform prior distribution with minimum-age constraints obtained from 
achelatan fossils that can be assigned to present groups. These fossils are from the Early 
Cretaceous: (i) Palinurus palaciosi Vega et al. 2006 (110-125 My) for the Palinuridae 
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clade and Scyllarella gardneri Woods 1925 (100-115 My) for the Scyllaridae. It appears 
that true Palinurus only have recent fossils dating back to the Miocene or Oligocene (see 
George and Main, 1967, George 2006), so there could be synonymy confusion in these 
fossil names. Therefore, Palinurus palaciosi was used as a minimum-age constraint for 
the whole Palinuridae lineage and not just the genus Palinurus. Markov-Chain Monte 
Carlo (MCMC) simulations were run for 10,000,000 generations, with the first 2,000,000 
discarded as burn-in. The lower and upper bounds of the 95% highest posterior density 

























Finally, we used the software TreeFitter (Ronquist, 2001) in order to test for the 
presence of a cophylogenetic structure between the molecular-based phylogenetic tree 
and the area cladogram (Page and Charleston, 1998; Stevens, 2004). Parsimony methods 
for tree fitting are based on models recognizing different types of events and associating 
each of these events with a cost inversely related to the likelihood of the event. The 
overall cost of the area cladogram indicates which cladogram is the most parsimonious 
given the observed phylogenetic tree. In the four-event model implemented in TreeFitter, 
we recognize four different types of events: codivergence events (vicariance), duplication 
events (sympatric speciation or allopatric speciation in response to a temporary barrier), 
sorting events (partial extinction) and switching events (dispersal between isolated areas). 
Inferences about historical constraints or the number of events of a particular type are 
tested against inferences obtained from random data sets drawn from the original data by 
random permutation of the terminals. The three area cladograms being tested in the 
present study represent the hypotheses of Achelata originating from each of the main 
oceans occupied by the group (Indian, Atlantic and Pacific Oceans), respectively. Default 





































A total of 4584 positions (84% of the original 5412bp alignment) were kept after 
removing poorly aligned regions with GBlocks. A total of 3316 nucleotides were 
constant, 296 variable sites were parsimony-uninformative and 972 were parsimony-
informative. The partition homogeneity test showed no evidence of a conflicting 
phylogenetic signal between the gene regions studied (P = 0.55). The GTR+I+G always 
gave the lowest score under the Akaike Information Criterion (AIC) for each gene 
partition and the combined dataset and therefore it was used for subsequent Bayesian and 
maximum likelihood searches. The analysis of the combined dataset under maximum 
likelihood or Bayesian inference showed a similar tree topology and hence only the 
Bayesian consensus is shown, but including both bootstrap and BPP values (Fig. 2). In 
both phylogenetic reconstructions, Achelata was recovered as a monophyletic clade, 
subdivided in two main lineages separating the Palinuridae / Synaxidae genera from the 
Scyllaridae genera and thus, strongly supporting the reciprocal monophyly of both 
groups.  
Within the Palinuridae/Synaxidae clade, both reconstruction methods gave good 
support values in clustering the Silentes palinurid clade (Projasus/Sagmariasus/Jasus) 
with the synaxid genus Palinurellus (clade 1) and in supporting the Linuparus/Justitia 
clade (clade 2). Genera belonging to clade 3 
(Palinurus/Panulirus/Palybithus/Puerulus/Palinustus) also clustered together but with 
good support values only with BI. The main difference between ML and BI topologies 
regarded the placement of the Linuparus/Justitia clade within the Palinuridae. However, 
the placement of the Linuparus/Justitia clade remained unresolved both under ML 
(bootstrap value = 36) or Bayesian inference (BPP = 52). Within clade 3, two clades were 
also recovered, one grouping all Palinurus with good support from both reconstructions 
and the other well-supported clade including Panulirus and the synaxid genus Palybithus. 
The two lineages (Lineage 1 represented by Panulirus argus/P. japonicus/P. penicillatus 
and Lineage 2 represented by P. versicolor/P. regius/P. inflatus/P. homarus) recovered 
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within Panulirus presented striking evolutionary differences, with Lineage 2 probably 
corresponding to a fast evolving lineage. Finally, the Scyllaridae subfamilies were found 
to group in two main clades, the Arctidinae and Ibacinae clade showing very low support 

































Testing different hypotheses of achelatan evolution 
 
In order to test the statistical support for previously established hypotheses (Fig. 
1), Bayes factors were computed comparing the tree topology obtained under the 
unconstrained model (Fig. 2) against the constrained topologies (Table 3). Both the 
Synaxidae hypothesis and the results obtained from the unconstrained tree resulting from 
genetic data explain the data much better than the Förster hypothesis (see Discussion), 
lending further support for the Palinuridae and Scyllaridae as reciprocally monophyletic 
groups. Moreover, the Bayes factors between the unconstrained result and the Synaxidae 
hypothesis indicate that the Synaxidae are actually polyphyletic and give support to the 
presence (absence) of a stridulating organ over the presence (absence) of a rostrum as a 
taxonomically relevant character. Our results indicate that the family Palinuridae (now 
including Palinuridae and Synaxidae genera) contains three well-supported monophyletic 
clades. The first one includes the synaxid Palinurellus plus Silentes (Projasus, 
Sagmariasus and Jasus). The second clade includes the genera Justitia and Linuparus, 
and the third well-supported clade includes the rest of Stridentes (Palinustus, Puerulus, 
Palinurus, Panulirus) and the synaxid genus Palybithus, also showing a stridulating 
organ. Finally, the Bayes factors for the unconstrained versus George and Main or versus 
the Baisre hypotheses of relationships within Stridentes, showed that neither the 
Linuparus /Puerulus nor the Palinurus / Puerulus clades are well supported by the 
molecular dataset.  
Divergence dates calculated using a Bayesian ‘relaxed molecular clock’ method 
indicated that the Palinuridae and Scyllaridae families diverged around 143My ago (95% 
HPD 125-178My) (Fig. 3). The most recent common ancestor (MRCA) for the 
Palinuridae clade would be found around 124My ago (95% HPD 120-160My) and around 

















within families is placed in the period spanning from the end of the Lower Cretaceous to 
the beginning of the Upper Cretaceous (approx. 85-115Mya). Within Palinuridae, clade 1 
appears to have originated around 75Mya (95% HPD 55-125My), clade 2 around 83Mya 
(95% HPD 30-105My) and clade 3 around 113Mya (95% HPD 80-135My). The origin of 
the Scyllarus/Thenus (clade 5) is placed at 93Mya (95% HPD 64-129My).  
The test for a cophylogenetic structure between the molecular phylogenetic tree 
and the area cladograms using TreeFitter indicated that the area cladogram with the  
lowest cost corresponds to that of a basal clade including the Indian Ocean (Cost: 21), 
compared to the higher cost of an Atlantic-first (Cost: 24) or Pacific-first hypothesis 
(Cost: 29). The Indian Ocean-first cladogram showed that the distribution of the species 
on the Achelata phylogenetic tree is not random (P = 0.008) and that the observed 
number of duplications (range 20-22) is statistically significant (P < 0.05), indicating 
sympatric speciation or allopatric speciation in response to a temporary barrier. The 
number of codivergences (range 8-10), sorting events (range 11-15) and switching events 



































Deep phylogenetic levels: Hypotheses of Achelata evolution. 
 
The inclusion of both slow and fast-evolving genes and a broad sampling of taxa 
including several outgroups has allowed us to solve the among-families uncertainties in 
Achelata with strong statistical support. This indicates that not only increasing the 
number of genes but including more taxa is important for resolving uncertainties in 
molecular phylogenetics (Rokas et al., 2005). Thus, the genetic dataset points 
conclusively to the reciprocal monophyly of the Achelata families Palinuridae and 
Scyllaridae and therefore contradicts Förster proposal of Scyllaridae origin from a 
Linuparus-like ancestor (Förster, 1973). While the molecular dataset supports both 
Palinuridae and Scyllaridae as legitimate families, Synaxidae does not seem to be 
supported by the genetic evidence, since synaxids were always found to cluster within the 
Palinuridae. Previous arguments suggested that the Synaxidae and the Palinuridae 
evolved separately from the Pemphicidea in the early Mesozoic (Glaessner 1969; George 
& Main 1967). However, each synaxid genus was consistently placed in different clades 
within Palinuridae, supporting previous morphological analyses that pointed to Synaxidae 
as a polyphyletic group (Davie, 1990). The relationships of Palinurellus and Palibythus 
inferred from our molecular dataset clearly confirm the proposal of Davie (1990) that 
Synaxidae should be considered as a synonym of Palinuridae.  Thus, we formally 
recommend this taxonomy be adopted, namely that the Achelata consists of two families, 
Palinuridae and Scyllaridae and that the family Synaxidae now be considered a synonym 
of Palinuridae. 
When focusing on the within-family relationships, George and Main (1967) 
proposal of Silentes and Stridentes tribes within the Palinuridae is supported by the 
molecular evidence although with low support value for the Stridentes group. The 
Silentes clade is always found to be monophyletic with strong statistical support and 
inferred relationships among Silentes genera agree with morphological data, grouping all 
species without stridulating organ and pointing to Palinurellus as an earlier diverged 

































relationships among the Stridentes genera differ from those previously proposed (George 
and Main 1967; Baisre 1994; Patek and Oakley, 2003). Our molecular dataset shows 
clear support for a Linuparus/Justitia clade versus the previously proposed 
Linuparus/Puerulus clade (George and Main 1967; George 2006). It is worth pointing out 
that not only molecular, but also morphological evidence supports the existence of this 
Linuparus/Justitia clade (clade 2), since these two genera are the only Palinuridae 
showing the male genitals on a chitinous tube-like extension off the base of the fifth pair 
of walking legs (Holthuis, 1991; Patek and Oakley, 2003). At the same time, the position 
of this clade (Linuparus/Justitia) relative to the Silentes and the other Stridentes genera 
remains unresolved. The very short unsupported branch separating Silentes from 
Stridentes could be indicative of a rapid radiation of the three main Palinuridae lineages, 
which makes it difficult to get strong statistical support for the inferred clades. As 
observed in several taxa, rapid radiation events are not easy to trace with phylogenetic 
reconstruction methods (Carreras-Carbonell et al., 2005; Rokas et al., 2005). Including 
more species belonging to clade 2 and clade 3 (e.g., Puerulus and Palinustus) could help 
resolve the monophyly of the Stridentes genera. In particular, increasing the sampling 
effort on the genus Palinustus would allow testing George’s (2006) suggestion that 
Palinustus species have survived as relicts in the three major oceans following the Tethys 
Sea break-up. 
Instead of a Palinurus /Puerulus clade (Baisre, 1994), the molecular dataset 
showed consistent support for the existence of a Palinurus /Panulirus /Palibythus clade 
(clade 3). This result is highly relevant, since the morphology of Palibythus is particularly 
divergent and its position within Palinuridae remained unsolved until now (Patek and 
Oakley, 2003). Furthermore, Panulirus and Palibythus are the only Stridentes showing 
large spines on the antennular plate (Davie, 1990; Holthuis, 1991; Patek and Oakley, 
2003), which would be synapomorphies of this group. Finally, the two main clades found 
within the Scyllaridae are in agreement with previous inferences based on the adult 
morphological data (Holthuis, 1985, 1991). Even though the Arctidinae and Ibacinae 
clade showed very low support, both subfamilies share the presence of multiarticulated 
maxillipeds 1-3 while the Theninae and Scyllarinae lack flagella on the maxillipeds 1 and 
































values for this clade. Moreover, it should be pointed out that mutation saturations on the 
segments used in this study could also make them fail to resolve the phylogenetic 
relationships at the family level.  
 
Historical biogeography and the fossil record. 
 
The biogeographical analysis allowed us to find the most parsimonious hypothesis 
explaining a concordant area cladogram and phylogenetic tree. From a theoretical point 
of view, two phenomena have largely been ignored in biogeographical analyses: 
distributional noise (created by sampling errors) and the effect of geodispersal producing 
multiple signals (Upchurch, 2008). The result of these phenomena is a network of 
interactions between biotas, rather than a simple branching pattern produced by 
vicariance alone (Ronquist, 2001; Stevens, 2004). Since multiple biogeographical 
patterns may occur, we have used pattern-spotting techniques to untangle reticulate 
histories (Upchurch, 2008). Nevertheless, it should be pointed out first that the 
biogeographical analysis included in the present study could have several limitations, 
since most genera are widespread and there may not be enough species exemplars to 
accurately track species-area divergences, especially among the genus Panulirus and the 
very diverse scyllarids. The results obtained from our TreeFitter analysis are in agreement 
with an ancient Tethys (Indo-Pacific region) origin of the Achelata, since the  lowest cost 
corresponds to that of a basal clade including the Indian Ocean (Cost: 21). Under the 
four-event model, the statistically significant more frequent duplication events in the 
phylogeny would correspond to sympatric speciation or allopatric speciation in response 
to a temporary barrier (Ronquist, 2001). In agreement with this, previous studies had 
proposed that temporary barriers to larval dispersal caused by a particular oceanographic 
feature could be responsible for the speciation pattern observed in some spiny lobsters of 
the genus Panulirus (Pollock, 1993). Nevertheless, adjusting fixed area cladograms to 
reflect the dynamic modification of geographical barriers through time is not 
straightforward and much research is needed to refine the current methods on historical 

































The dating of divergence of the two main Achelata families (95% HPD node age: 
125-178My) obtained with the relaxed-clock model is compatible with previous 
hypothesis of a Triassic origin of Achelata (Porter et al., 2005; George, 2006).  The 
Permian–Triassic extinction event (251 Mya), with up to 96 percent of all marine species 
becoming extinct, is supposed to have allowed a large turn-over of taxonomic groups 
occupying empty habitats (Lopez-Gomez and Taylor, 2005). The first achelatan-like 
fossils are found by the Triassic Period (250-190Mya) (Pemphix sueurii Meyer 1839 and 
Palinurus sueurii Desmarest 1822) and fossil representatives that can be confidently 
assigned to the Achelata are found in the early Jurassic (Palinurina Munster 1839, 
Palaeopalinurus Bachmeyer, 1954 and Cancrinos Munster 1839), coinciding with the 
early break-up of Pangaea about 180 million years ago (180 Mya). The separation of the 
two main families of achelatan lobsters could be related to the origin of the Tethys 
Ocean; since achelatan fossils from the Middle Cretaceous (Aptian and Albian strata, 
around 110-120Mya) already show the divergence into the main two families of 
Palinuridae (Astacodes falcifer Bell 1863, Palinurus palaciosi Vega et al. 2006) and 
Scyllaridae (Scyllarella gardneri Woods 1925, Scyllarides punctatus Woods 1925).  
The origin of the main clades within families would therefore be located in the 
period spanning from the end of the Lower Cretaceous to the beginning of the Upper 
Cretaceous (Cenomanian, approx. 100Mya). The late Cenomanian represents the highest 
sea-level observed in the past six hundred million years (approximately one hundred and 
fifty meters above present day sea-levels) (Gradstein et al., 2004). The Silentes/Stridentes 
divergence must have had a significant impact on the evolution of the Palinuridae. The 
acquisition of a complex structure such as the stridulating organ would have represented 
an increase in adaptive advantage by improving the chances of escape from a predator 
(Lewis and Cane, 1990). However, the monophyly of Stridentes was not strongly 
supported in our molecular analysis, not allowing us to conclude if the Stridentes clade 
(e.g., Linuparus/Justitia) represents an independent lineage. Nevertheless, the monophyly 
of the Silentes clade was unambiguously determined and their estimated divergence 
75Mya (95% HPD 55-125My) is consistent with the fossil record (Glaessner, 1969). 
Consequently, the Silentes genera would have been able to radiate into the newly forming 
and geographically separating Southern Ocean habitats. Under such a scenario, the 
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Eocene fossil genus Archeocarabus would represent a transitional form leading to the 
present Jasus, Sagmariasus and Projasus; since its rostrum is about the same size as the 
supraorbital horns (Woods, 1931). Interestingly, our date estimate for the MRCA of 
Jasus, Sagmariasus and Projasus (39Mya) falls within the Eocene, even though 
































Among the Stridentes genera, Panulirus is not well represented in the fossil 
record and therefore has traditionally been supposed to have appeared in the Miocene 
(approx. 20Mya) from a Palinurus-like stock (George and Main, 1967; George 2006). It 
has been inferred that the genus Panulirus probably originated in the Tethys Sea and both 
morphological and genetic evidence point to the Atlantic P. argus (Latreille, 1804) as 
most likely to represent the earliest species to diverge (Ptacek et al., 2001). Interestingly, 
our estimate for the divergence date between the Panulirus/Palibythus clade and 
Palinurus is about five times older than the assumed divergence time of the species and 
suggests that the genera may have split with the formation of the Atlantic Ocean around 
100 million years ago. Our results do agree with previously obtained independent 
estimates using the alpha-type hemocyanins of Palinurus elephas and Panulirus 
interruptus (Kusche et al., 2003). 
It has been proposed that, as the major continental plates moved northward 
fragmenting the Tethys Sea, Panulirus, the typically shallow water Stridentes radiated 
into the numerous newly formed habitats. In the remaining deeper water, older genera 
would have been less affected by the Tethys Sea fragmentation and today they would 
survive in relict habitats in the separate major oceans (George, 2006). Furthermore, 
George and Main (1967) suggested a habitat trend during palinurid evolution from deep 
to shallower waters and believed that the ancestral stocks are best represented by the 
deeper water species while the more specialized derived-species would live in shallower 
waters. However, Jablonski et al. (1983) pointed to the presence of shallow to deep water 
transition patterns in the evolution of Phanerozoic shelf communities. More evidence of 
an onshore to offshore shift in different marine communities was also provided by 
Sepkoski and Miller (1985), Bambach (1986), and Briggs (2003). However, our results 
do not seem to show a correlation between phylogenetic clades and depth range of the 
genera included in each clade (Fig. 4). In fact, the evolutionary direction in bathymetric 
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distribution within the Palinuridae may be variable. For example, Linuparus spp. 
underwent a significant radiation in relatively shallow waters during the Cretaceous and 
early Tertiary (60-70My ago) and yet most contemporary species are considered to be 





















In conclusion, our results indicate that Achelata forms a monophyletic group of 
decapod crustaceans composed of two main families: Palinuridae and Scyllaridae. The 
molecular analysis confirms Synaxidae as a polyphyletic group, which should be 
included within Palinuridae. The Palinuridae family presents three main lineages: 1) the 
Silentes, including the former synaxid genus Palinurellus; 2) a Linuparus/Justitia clade 
and 3) a main clade of Stridentes, including Puerulus, Palinustus, Palinurus, Panulirus 
and the rare former synaxid lobster Palibythus. Moreover, the two main clades found 
within the Scyllaridae are in agreement with current taxonomy based on adult 
morphological data. Finally, the dating of divergence of Achelata obtained with a 
relaxed-clock model is compatible with previous hypotheses of a Triassic origin of the 
achelatan lobsters. The use of both slow and fast-evolving molecular markers and a broad 
taxa sampling proved to be effective in solving the uncertainties found in previous 
phylogenetic approaches and on obtaining consistent divergence time estimates even 
using an incomplete fossil record. The approach used in this study could be generalized to 
solve uncertainties in the classification in other taxonomic groups and to compare 
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Fig. 1- Phylogenetic hypothesis of Achelata among-families relationships based on 
A) paleontological evidence (Förster hypothesis), and B) morphological evidence 
(Synaxidae hypothesis). Hypotheses of evolution within Palinuridae: C) George and Main 
(1967), D) Baisre (1994) and E) George (2006).  
Fig. 2- Topology obtained using BI after alignment with muscle and pruning with 
Gblocks. Bootstrap support (before slash) and Bayesian posterior probabilities (after 
slash), above a cut off value of 70 and 0.70 respectively, are indicated for the nodes 
discussed in the text. 
Fig. 3- Phylogenetic tree dating divergence among taxa with a relaxed clock model, 
using Palinurus palaciosi Vega et al. 2006 (110-125 My) and Scyllarella gardneri 
Woods 1925 (100-115 My) fossils as minimum-age constraints. Purple band indicates the 
Cenomanian stage, with the highest sea-level observed in the past six hundred million 
years (Gradstein et al., 2004). 
Fig. 4- Depth range and estimated clades found in Palinuridae. Figure modified 

















Table legend and foot note. 
 
Table 1. Species used and gene sequences included in the analysis. 
 
Abbreviations: EIO-WIO: Eastern and Western Indian Ocean; EAO-WAO: Eastern 
and Western Atlantic Ocean; EPO-WPO: Eastern and Western Pacific Ocean; MED: 
Mediterranean. (-): no amplification.  
 
Table 2. Loci and primers used in this study to amplify and sequence mtDNA and 
nucDNA in Achelata and related taxa. 
 
*Fragment size: amplified band size in base pairs. 
 
Table 3. Bayes Factors contrasting different phylogenetic hypotheses, calculated as 
twice the difference in the harmonic mean −ln L scores. 
 29
Species Voucher specimen Distribution Depth (m) Stridulating  organ COI-Folmer 16S rDNA 18SrDNA 28S rDNA-A 28S rDNA-B 28S rDNA-C H3
PALINURIDAE Latreille, 1802
Palinurus barbarae (Groeneveld, Griffiths & van Dalsen, 2006) FP0001 WIO >100 present FJ174960 FJ174903 FJ174925 FJ036949 FJ174817 FJ174849 FJ174876
Palinurus charlestoni (Forest & Postel, 1964) FP0002 EAO 50-300 present FJ174959 FJ174902 FJ174924 FJ036947 FJ174815 FJ174851 FJ174877
Palinurus delagoae (Barnard, 1926) FP0003 WIO 0-400 present FJ174958 FJ174904 FJ174926 FJ036950 FJ174816 FJ174850 FJ174878
Palinurus elephas (Fabricius, 1787) FP0004 MED EAO 5-160 present FJ174956 FJ174900 FJ174922 FJ036946 FJ174812 EU449505 FJ174881
Palinurus gilchristi (Stebbing, 1900) KC3232 EAO WIO 55-360 present FJ174961 FJ174905 FJ174927 FJ036948 FJ174814 FJ174848 FJ174879
Palinurus mauritanicus (Gruvel, 1911) FP0005 MED EAO 180-600 present FJ174957 FJ174901 FJ174923 FJ036945 FJ174813 EU449506 FJ174880
Panulirus argus (Latreille, 1804) Coll. Sheila Patek WAO 0-90 present FJ174969 AF502947 AY743955 - - - -
Panulirus homarus (Linnaeus, 1758) KC3216 WIO  EIO EPO 0-5 present FJ174963 AF337962 AF498681 - FJ174801 - FJ174884
Panulirus inflatus (Bouvier, 1895) KC3229 EPO 5-30 present FJ174964  AF337960 AF498680 - - - FJ174885
Panulirus japonicus (Von Siebold, 1824) KC3223 WPO 1-15 present FJ174968 AF337968 AF498670 - - FJ174846 FJ174886
Panulirus penicillatus (Olivier, 1791) KC3220 WIO  EIO EPO WPO 1-4 present FJ174970 AF337974 AF498671 - - FJ174844 FJ174887
Panulirus regius (De Brito Capello, 1864) FP0006 EAO 5-15 present FJ174962 FJ174899 FJ174916 FJ036938 FJ174802 FJ174827 FJ174883
Panulirus versicolor (Latreille, 1804) KC3217 WIO  EIO EPO 5-15 present - AF337978 AF498682 - - - -
Linuparus trigonus (Von Siebold, 1824) KC3228 WPO WPO WPO 30-318 present - AF502946 AF498675 - FJ174808 FJ174830 FJ174874
Palinustus waguensis (Kubo, 1963) KC3226 WPO WPO   EIO 70-180 present - AF502952 AF498667 - FJ174826 FJ174847 FJ174866
Puerulus angulatus (Bate, 1888) KC3227 WPO WPO  WIO EIO 274-536 present FJ174954 AF502951 AF498668 - FJ174811 FJ174845 FJ174882
Justitia longimana (H. Milne Edwards, 1837) Jus-0101-01 WAO 1-300 present - AF502953 AF498674 - - FJ174841 FJ174873
Jasus edwardsii (Hutton, 1875) KC3211,KC3232 WPO 5-200 absent FJ174951 FJ174894 FJ174937 FJ036943 FJ174821 FJ174836 FJ174867
Jasus lalandii (H. Milne Edwards, 1837) Jas-0302-01 EAO 0-46 absent AF192882 FJ174895 FJ174936 - - - FJ174869
Jasus tristani (Holthuis, 1963) Jas-0601-01 EAO 0-200 absent AF192881 FJ174893 FJ174938 - - - FJ174868
Jasus (Sagmariasus) verreauxii (H. Milne Edwards, 1851) KC3212 WPO 20-150 absent FJ174952 FJ174896 FJ174933 - FJ174820 FJ174833 FJ174870
Projasus parkeri (Stebbing, 1902) FP0007 EAO WIO WPO 370-841 absent FJ174953 FJ174898 FJ174935 FJ036944 FJ174819 FJ174835 FJ174872
Projasus bahamondei (George, 1976) KC3207,KC3225 WPO 175-300 absent - FJ174897 FJ174934 - FJ174818 FJ174834 FJ174871
SYNAXIDAE Bate, 1881
Palinurellus wienecki (De Man, 1881) Pal-0201-01 WPO WPO  WIO EIO 9-27 absent - AF502954 AF498672 - - - -
Palibythus magnificus (Davie, 1990) KC3221 WPO 220-300 present FJ174955 AF502950  AF498666 FJ036957 FJ174825 FJ174843 FJ174875
SCYLLARIDAE Latreille, 1825
Scyllarus arctus (Linnaeus, 1758) ICMD 12/1995 MED EAO 4-50 absent FJ174966 FJ174911 FJ174930 FJ036955 FJ174805 EU449508 FJ174859
Scyllarus caparti (Holthuis, 1952) ICMD 222/1998 EAO 21-109 absent - FJ174909 FJ174928 FJ036953 FJ174806 FJ174839 FJ174860
Scyllarus posteli (Forest, 1963) ICMD 218/1998 EAO 10-70 absent FJ174967 FJ174910 FJ174929 FJ036956 FJ174807 EU449510 FJ174864
Scyllarus pygmaeus (Bate 1888) ICMD 5/1995 MED EAO 5-100 absent FJ174965 FJ174908 FJ174931 FJ036954 - EU449511 FJ174861
Scyllarus subarctus (Crosnier, 1970) ICMD 299/1991 EAO 126-155 absent - FJ174912 FJ174932 - - FJ174840 FJ174865
Parribacus antarcticus (Lund, 1793) KC3231 WIO  EIO WPO WAO 0-20 absent - FJ174913 AF498676 - FJ174822 FJ174832 -
Thenus unimaculatus (Burton and Davie, 2007) FP0012 WIO  EIO 10-50 absent FJ174950 FJ174915 FJ174942 FJ036952 FJ174810 FJ174838 FJ174858
Thenus orientalis (Lund, 1793) FP0013 WIO  EIO WPO 10-50 absent - FJ174914 FJ174941 FJ036951 FJ174809 FJ174837 FJ174857
Scyllarides herklotsii (Herklots, 1851) ICMD 230/1998 EAO 5-70 absent FJ174946 FJ174906 FJ174939 FJ036958 FJ174823 FJ174842 FJ174863
Scyllarides latus (Latreille, 1802) FP0014 EAO 4-100 absent FJ174947 FJ174907 FJ174940 FJ036959 FJ174824 EU449509 FJ174862
NEPHROPIDAE Dana, 1852
Homarus americanus (H. Milne Edwards, 1837) FP0010 absent FJ174944 FJ174888 FJ174917 FJ036941 FJ174803 FJ174831 FJ174854
Nephrops norvegicus (Linnaeus, 1758) ICMD-279/1991 absent FJ174945 FJ174889 FJ174918 FJ036942 FJ174804 EU449504 FJ174855
POLYCHELIDAE Wood-Mason, 1874
Polycheles typhlops (Heller, 1862) ICMD-295/1991 absent FJ174943 FJ174890 FJ174921 - - EU449507 FJ174856
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Locus Primer Sequence Source Annealing Temperature (ºC)
Fragment 
size
COI LCO1490 5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3' Folmer et al. 1994 45 650
HCO2198 5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3'
16S rDNA 16Sar-L 5'-CGC CTG TTT ATC AAA AAC AT-3' Palumbi et al. 1996 50 450
16Sbr-H 5'-CCG GTC TGA ACT CAG ATC ACG T-3'
18S rDNA 18s 1f 5'-TAC CTG GTT GAT CCT GCC AGT AG-3' Whiting 2002 48 880
18s b2.9 5'-TAT CTG ATC GCC TTC GAA CCT CT-3'
18S_5F rRNA 5'-GCG AAA GCA TTT GCC AAG AA-3' Carranza et al. 1996 50 900
18S_9R rRNA 5'-GAT CCT TCC GCA GGT TCA CCT AC-3'
28S rDNA 28SAF 5'-AGT AAG GGC GAC TGA AMM GGG A-3' Palero et al. 2008c 50 814
28SAR 5'-CAC ATG TTG GAC TCC TTG GCC CG-3'
28SBF 5'-CGG GCC AAG GAG TCC AAC ATG TG-3' This study 50 862
28SBR 5'-CCC ACA GCG CCA GTT CTG CTT ACC-3'
NuriA 5'-GGT AAG CAG AAC TGG CGC TGT GGG-3' Palero et al. 2008b 50 468
NuriB 5'-GGG ATC AGG CTT TCG CCT TGG G-3'
Histone H3 H3 AF 5'-ATG GCT CGT ACC AAG CAG ACV GC-3' Colgar et al. 1998 55 350
H3 AR 5'-ATA TCC TTR GGC ATR ATR GTG AC-3'
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 HO SYNAXIDAE FÖRSTER GEORGE AND MAIN BAISRE UNCONSTRAINED
SYNAXIDAE - -107.74 -76.2 -47.2 12.24
FÖRSTER - 31.54 6.67 119.98
GEORGE AND MAIN - -9.1 88.44
BAISRE - 53.32
UNCONSTRAINED -
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Abstract
The European spiny lobster (Palinurus elephas) mean annual catches have decreased alarm-
ingly during recent decades along its entire distribution area due to stock over-exploitation,
which makes it a primary target for conservation plans. A total of 164 microsatellite loci
were isolated from a genomic library of P. elephas enriched for CA, GA, CAA and GATA
repeats. A total of 15 polymorphic loci have been screened in 48 individuals. High numbers of
alleles per locus (averaging 20 ± 10.5) and observed heterozygosity (averaging 0.789 ± 0.197)
have been detected. None of the pairs of loci showed significant linkage disequilibrium.
Two of the loci (Pael1 and Pael2) showed significant departure from Hardy–Weinberg
equilibrium in Sagres, while Pael38 showed significant departure in Tunis. These highly
polymorphic markers will be useful in determining the spatial patterns of genetic diversity
between and within populations of Palinurus elephas.
Keywords: conservation genetics, crustacea, gene flow, microsatellites, Palinurus
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The European spiny lobster (Palinurus elephas) is a palinurid
lobster present in the Mediterranean Sea and along eastern
Atlantic coasts from Morocco (28°N) to Norway (60°N).
Mean annual catches of P. elephas have decreased alarmingly
during recent decades along its entire distribution area due
to stock over-exploitation (Goñi & Latrouite 2005). In order
to establish proper management plans, it is crucial to
define the population genetic structure of the endangered
species. A plausible hypothesis would be that no population
structuring is present in P. elephas, given the large dispersal
potential of its larval phase (Palero & Abelló 2007). However,
these dispersal capabilities could be counteracted by other
factors. In fact, it has been shown that juveniles of the
congeneric species Palinurus gilchristi migrate along distances
of up to 700 km (Groeneveld & Branch 2002), which could
modify the dispersal effect of the larval phase (Booth 1994).
Furthermore, genetic differentiation has been detected
among populations of this species, as revealed by the COI
mtDNA gene, suggesting that complex oceanographic
circulation patterns can affect population structure (Palero
et al. 2008). Nevertheless, multiple markers should be
analysed in order to unveil its population genetic structure.
Herein, we report a set of microsatellite markers isolated
from P. elephas, which will allow inferring the patterns of
connectivity between populations and lead to the develop-
ment of correct conservation plans.
We constructed an enriched and partial genomic library
following the FIASCO protocol (fast isolation by AFLP of
sequences containing repeats, Zane et al. 2002). One pleopod
sampled from a living individual from Galicia (Spain) and
preserved in 100% ethanol was used for obtaining genomic
DNA using the QIAamp DNA Mini Kit (QIAGEN Inc).
Genomic DNA was simultaneously digested with MseI
(New England BioLabs Inc.) and ligated to MseI-adapters
(MseI-A, 5′-TACTCAGGACTCAT-3′; MseI-B, 5′-GACGAT-
GAGGTCCTGAG-3′) for 3 hours. Enrichment was performed
using the Streptavidin Magnesphere Paramagnetic Particles
Kit (Promega) with four biotinylated probes [(CA)15
(GA)15 (CAA)7 and (GATA)7]. Recovered DNA was
amplified via polymerase chain reaction (PCR) using MseI-N
(5′-GATGAGTCCTGAGTAAN-3′) primers and sub-
sequently cloned using the pGEM-T Easy Vector System
II (Promega). Positive clones were detected using
digoxigenin-end-labelled probes following the Estoup
and Turgeon protocol (www.inapg.inra.fr/dsa/microsat
/microsat.htm). Approximately 1500 colonies were screened
for microsatellites yielding 247 positive clones, 138 of which
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were sequenced. DNA of the clones was obtained with
QIAprep Spin Miniprep Kit (QIAGEN Inc). Two sequencing
reactions per clone were run using T7 (5′-TAATACGACT-
CACTATAGGG-3′) and SP6 (5′-ATTTAGGTGACACTAT-
AGAA-3′) primers, respectively. Sequencing reactions
were carried out in a 10-μL final volume (3 μL BigDye version
3.1, 3 μL miniprep DNA, 0.25 μL of either SP6 or T7 primer
and 3.75 μL H2O) in a GeneAmp PCR System 9700
(Applied Biosystems). Sequences were obtained using an
ABI PRISM 3700 automatic sequencer from the Scientific
and Technical Services of the University of Barcelona. We
isolated 164 microsatellite loci (79% perfect, 14% imperfect
and 7% compound) with a mean repeat length of 15.01 ± 9.02.
Among the clones, dinucleotides were much more abund-
ant (86.2%), with AG repeats being more frequent (47.8%)
than AC repeats (37.7%), and followed by CAA (16.7%)
and GATA repeats (15.9%). A total of 18.8% of the clones
had flanking regions too short to design primers. Fifty-eight
pairs of primers were designed using fastpcr (Kalendar
2007). The utility of microsatellite primers and optimal
annealing temperatures were determined by screening
eight individuals of the same population. Twenty primer
pairs successfully amplified genomic DNA and their for-
ward primer was fluorescently end labelled, even though
five of them proved to be monomorphic and were not
subsequently used.
Microsatellite variability was analysed using 24 indi-
viduals from Sagres, Portugal (37°00′N, 8°59′W) and 24
individuals from Tunis, Tunisia (37°19′N, 9°19′E). Total
genomic DNA extraction was performed using the QIAamp
DNA Mini Kit (QIAGEN Inc). Multiplex amplification
reactions were carried out in a 10-μL reaction containing
30 ng of genomic DNA, 0.5× QIAGEN Multiplex PCR Kit
2× and 0.2× of equimolar (1 mm) primer mix (primer
groups as shown in Table 1). The PCR thermal profile used
was 94 °C for 10 min for initial denaturation, followed by
27 cycles of 94 °C for 30 s, 54 °C for 40 s and 72 °C for 30 s,
and a final 20-min extension at 60 °C in a GeneAmp PCR








alleles HO HE Primer sequences (5′–3′)*
Pael1 (CT)26 256 44 243–300 20 0.818 0.944 F: NED-TGGTTGTGTCGACTGCTGCCGAG
EU525176 R: GGAAGCCAACAAAGGCTCCGTG
Pael22 (TGT)6 196 48 196–199 2 0.417 0.333 F: 6-FAM-GTGGCACAACATTACCCACCAGC
EU525180 R: TGCTAATTCGAACAAGAAGCGTC
Pael49 (GTT)8 218 45 214–267 32 0.933 0.961 F: 6-FAM-TGCAGTGAACAAAACTCGTCCC
EU525179 R: ACCTACAACATCCACCAACCG




399 46 362–435 27 0.978 0.949 F: HEX-ACGTGAAGACATCCTGCCCAAG
EU525173 R: AGGGAGGAAAAGACACTGAGGGG
Pael10 (AAC)6 243 47 237–246 4 0.34 0.376 F: NED-TGCAGACTTGATTGGAGGGCAG
EU525181 R: GCTAGTGGAGATACGAGTGGTCC
Pael12 (TAGA)17 186 42 154–234 19 0.857 0.925 F: HEX-ACTCTCTGAAAATCGTTTCGGGG
EU525184 R: CGGGTCACATGTGTGAGGCATGC
Pael20 (AC)12 360 45 326–370 17 0.8 0.872 F: 6-FAM-TCCAGTGTATGTTAGCCCTCACG
EU525175 R: ACACCACAGGTTATGGCAGTACC
Pael21 (ATAG)11 306 41 237–329 29 0.976 0.928 F: HEX-GCGTCCTTTACTCTCGGATCCCC
EU525185 R: ACTTGCATCCACGTCACACAC
Pael53 (TA)10 171 46 163–186 16 0.913 0.844 F: 6-FAM-TGCCTCGTATCGTGAAGACA
EU525178 R: CTGAAATTGAGGCAGTCACG
Pael14 (AGAT)18 193 45 130–199 29 0.911 0.937 F: NED-AGGTTATTACATGACCAACAGCC
EU525186 R: ATTCTCTCCCGTGGTGGTCAGC
Pael38 (TG)23 ... (GT)7 320 42 297–355 28 0.762 0.953 F: HEX-ATTCAGCCAGTAATTCGCTGCT
EU525174 R: CTCGTTGCTTGTAAGCACAGAA
Pael11 (CAA)7 280 42 268–280 5 0.738 0.625 F: 6-FAM-CGACACACAAAGAGCTACGGGAC
EU525182 R: TTCGCCTCCGTAGACCTGTGAGC
Pael28 (GT)8 253 47 243–263 14 0.872 0.89 F: NED-AGTCACATGTATCGTCCGGTAG
EU525172 R: TGTCTGCCCAAACAGAGTCAGG
Pael44 (GGA)7(GT)28 338 46 304–368 36 0.935 0.963 F: 6-FAM-GTCAAGTCTTCAAGTTACACGAGC
EU525183 R: GGACTGCCCCTGTGCCAATGCCAT
Mean ± SD 20 ± 10.5 0.789 ± 0.197 0.828 ± 0.210
Cloned allele size, length in base pair of the clone when amplified using the designed primers; n, number of individuals genotyped; 
HO, observed heterozygosity; HE, expected heterozygosity under Hardy–Weinberg equilibrium. The dashed lines separate loci amplified 
simultaneously. Forward primers were fluorescently 5′ end labelled with HEX, FAM (Isogen Life Science) or NED (Applied Biosystems).
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System 9700 (Applied Biosystems). The PCR products
were loaded in an ABI PRISM 3700 automatic sequencer
from the Scientific and Technical Services of the University
of Barcelona, with CST ROX 70–500 (BioVentures, Inc.)
used as internal molecular ladder, and allele sizes were
assigned with genemapper id version 3.7 for Windows.
Polymorphic loci (Table 1) presented two to 36 alleles
(mean 20 ± 10.5 alleles per locus, Table 1). The mean
expected heterozygosity (0.828 ± 0.210) and the mean
observed heterozygosity (0.789 ± 0.197) were high and not
significantly different (Wilcoxon test, Z = 0.91, P > 0.35).
None of the pairs of loci showed significant linkage dise-
quilibrium. Two of the loci (Pael1 and Pael2) showed
significant departure from Hardy–Weinberg equilibrium
after sequential Bonferroni corrections in Sagres, while
Pael38 showed significant departure in Tunis. Both popu-
lations are possibly at Hardy–Weinberg equilibrium with
loci Pael1 and Pael2 showing signs of null alleles in Sagres,
and loci Pael2 and Pael38 in Tunis as revealed by the soft-
ware micro-checker (van Oosterhout et al. 2004). The two
populations presented significant genetic differentiation
(FST = 0.006, P < 0.001). All analyses were carried out using
genepop version 3.3 (Raymond & Rousset 1995). These
highly polymorphic markers will be useful in determining
the spatial patterns of genetic diversity between and within
populations of P. elephas.
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Most Palinurus spiny lobster fisheries have been overexploited during the last 
decades, and a growing concern on designing marine protected areas (MPAs) for this 
valuable resource has been raised. In order to design efficient marine reserves, 
connectivity patterns among spiny lobsters populations should be defined and neutrally-
evolving, highly polymorphic markers are needed. A total of 13 microsatellite DNA loci 
recently developed in Palinurus elephas were used to assess genetic diversity levels in 
populations from the six known species of the genus Palinurus. Microsatellite markers 
showed polymorphism in every Palinurus species, with gene diversity values varying 
from 0.650 + 0.077 (P. barbarae) to 0.792 + 0.051 (P. elephas). Consequently, the 
proposed set of microsatellite markers is suitable for genetic diversity assessment and 
population structure analysis in every Palinurus species. Most importantly, when depth 
distribution was taken into account, shallow water species of Palinurus were consistently 
found to have larger effective population sizes than their deep-water counterparts. For 
that reason, deep-water species would be more sensitive to overfishing, and a much larger 











































The family Palinuridae Latreille, 1802, commonly known as spiny or rock 
lobsters, are one of the most commercially important groups of decapod crustaceans 
worldwide (FAO 2008). Palinurid lobsters are distinguished from the Nephropidae or true 
lobsters by their lack of chelae and their rostrum being absent or reduced to a single spine 
(Holthuis 1991). Adult spiny lobsters are gregarious benthic animals adapted for crawling 
and inhabiting holes and crevices of rocky and coralline habitats (Booth and Phillips 
1994). They are long-lived crustacea, with generally one reproductive season per year 
and a long incubation period after which the phyllosoma, a drifting larval phase, emerges 
(Pollock 1995; Palero and Abelló 2007). The phyllosoma larva is a specialized form of 
zoea, particularly adapted to a long life in the open ocean (4–12 months), where many 
opportunities for dispersal via ocean currents exist (Booth 1997; Palero et al. 2008a). The 
phyllosoma larval period of spiny lobsters is followed by metamorphosis into a puerulus 
(decapodid) stage, which settles on the seafloor, and moults into a juvenile spiny lobster 
(Guerao et al. 2006; Palero et al. 2008b). Finally, juveniles can migrate long distances 
back to adult breeding grounds, and in the process would redress dispersal of larvae by 
ocean currents (Groeneveld and Branch 2002).  
 
The genus Palinurus is the oldest known among the palinurid genera, with six 
extant species and a restricted distribution (Holthuis 1991; Groeneveld et al. 2006a). 
Three species live in the northern hemisphere (P. elephas Fabricius, 1787, P. 
mauritanicus Gruvel, 1911, and P. charlestoni Forest and Postel, 1964) and another three 
in the southern hemisphere (P. gilchristi Stebbing, 1900, P. delagoae Barnard, 1926 and 
P. barbarae Groeneveld et al. 2006b). P. elephas and P. mauritanicus are distributed in 
the northeastern Atlantic and Mediterranean Sea while P. charlestoni is an endemic 
species from the Cape Verde Islands (Zariquiey-Álvarez 1968; d’Udekem d’Acoz 1999). 
P. elephas is found between 5 and 200 m depth on rocky, coralline substrate with micro-
caves, P. mauritanicus is found preferentially between 150 and 400 m, on coral reefs and 
muddy substrates near rock outcrops and P. charlestoni is found on steep rocky bottoms 
at 50-350 m depth (Abelló et al. 1988; Groeneveld et al. 2007). As for the southern 
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hemisphere species, P. gilchristi is endemic to the south coast of South Africa, where it 
occurs at around 50 and 200 m, P. delagoae is a deeper water species (150-600 m) 
distributed from 17º S (Mozambique) to 32º S (eastern South Africa) and P. barbarae is 
found in steep broken rocks deeper than 100 m at Walters Shoals, Madagascar Ridge 

































All six species known in the genus are of present or potential commercial interest 
and most of them have been historically overexploited (Holthuis 1991; Groeneveld et al. 
2006a). For example, some populations of Palinurus elephas have been fished for human 
consumption since ancient greek and roman times (Apicius I A.D.). Most Palinurus 
species are currently targeted by trammel net and trap-fisheries (Palha de Sousa 2001) 
and can be found as a minor by-catch in multi-species crustacean trawl fisheries 
(Fennessy and Groeneveld 1997). Increased levels of exploitation during the second half 
of the twentieth century had a great impact on population structure, reproductive potential 
and population size of exploited species of Palinurus (Hunter 1996; Groeneveld 2003). 
Therefore, a growing concern on management strategies for these valuable resources, 
such as designing marine protected areas (MPAs), has been raised (Follesa et al. 2007). 
P. elephas and P. mauritanicus have recently been included in ANNEX I of the SAC 
Priority species list for conservation (AdriaMed 2007). However, in order to design an 
efficient management policy of these species, connectivity patterns among spiny lobsters 
populations should be defined and, therefore, neutrally-evolving, highly polymorphic 
markers are needed (Palumbi 2003).  
 
About two decades ago, microsatellites were introduced as a novel molecular 
marker (Litt et al. 1989; Tautz 1989; Weber et al. 1989). This class of DNA evolves 
mostly under neutrality, and several thousand loci are typically present in eukaryotes 
(Schlötterer 2000). Microsatellites are highly polymorphic nuclear loci that show great 
variability within marine species (DeWoody and Avise 2000). They have also been 
widely employed to solve population structuring on a wide range of geographical levels 
(Rico and Turner 2002). Different markers such as microsatellites and mtDNA sequence 















microsatellites generally providing a higher power of statistical resolution due to their 
higher polymorphism (Estoup et al. 1998). Most importantly, their neutral behavior and 
the development of specific metrics to detect demographic changes makes microsatellites 
an appropriate marker for genetic diversity assessment and past demography inference 
from molecular data (Kimmel et al. 1998; Bos et al. 2008). 
 
The present study aims to describe the polymorphism levels of a set of 
microsatellite markers recently developed for Palinurus elephas to test the validity of 
these markers for future intra-specific population structure analyses in other species of 
the genus Palinurus. Moreover, we will compare genetic diversity levels for the six 
known species of Palinurus from the Eastern Atlantic and Western Indian Ocean. Finally, 
estimates of effective population size will allow us to comparatively define the sensitivity 
of each Palinurus species to selective pressures such as those coming from overfishing. 
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Tissue samples of P. elephas (n = 24; Western Mediterranean: Cullera), P. 
mauritanicus (n = 17; Atlantic waters: Morocco-Tanger), and P. charlestoni (n = 5; Cape 
Verde Islands: Ilha do Sal) were obtained directly from fisheries and fixed in ethanol. 
DNA were obtained from P. gilchristi (n = 20; Southcoast South Africa; Tolley et al. 
2005), P. delagoae (n = 20; S-KZN2 South Africa; Gopal et al. 2006) and P. barbarae (n 
= 18; Madagascar Ridge: Walters Shoals; Gopal et al. 2006). DNA extraction (where 
appropriate) and Multiplex PCR amplification were carried out under conditions 
described in Palero et al. (2008c) We used the polymorphic microsatellite loci isolated 
from P. elephas in Palero and Pascual (2008), with the exception of loci PE1, PE2 and 
PE38, which were excluded because amplifications were poor and allele sizing 
misleading. An extra locus (PE48) was included (EMBL Accession no. ***********) 
that can be amplified with the forward primer 5′-ACTGGTGCAAGTCCCTTTTG-3′ and 
the reverse primer 5′-GCTATCGGCAACAAGAACAAC-3′ at 55°C annealing 
temperature. Amplified products of a total of 13 microsatellite markers were scored using 
an ABI 3700 automatic sequencer from the Scientific and Technical Services of the 
University of Barcelona. Alleles were sized by PeakScanner™ software, with an internal 
size marker CST Rox 70–500 (BioVentures Inc.).  
 
Genotypes were assigned for each individual based on allele size data. Mean 
number of alleles per locus, observed heterozygosity (Ho) and Nei’s genetic diversity 
estimated using the average heterozygosity across all loci were computed using the 
Microsatellite Toolkit version 3.1 (Park 2001). Species sample size was standardized 
before comparing allelic richness (Â[n=5]) estimates among different species using 
rarefaction-based methods (Petit 1998). Allele distribution and frequency across species 
for each locus, and relationship between allelic richness and individual number in every 
species were also plotted using a modified version of the allele.freq.plot() and 
allele.genotype.plot() functions as implemented in standArich_v1.00 (available at 
http://www.ualg.pt/ccmar/maree/software.php, F. Alberto, University of Algarve, Faro, 
Portugal). The software CONVERT v1.2 was employed to transform the excel-based 
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is estimates according to Weir and Cockerham (1984) and Robertson and Hill 
(1984) and probability tests of Hardy-Weinberg equilibrium based on Markov chain 
approaches (5000 iterations) were obtained using the GENEPOP package version 4.0.7 
(Rousset 2008). Where multiple tests were involved, significance levels were adjusted 
according to the sequential Bonferroni procedure (Rice 1989). FreeNA was used for 
estimating null allele frequency at different loci and population differentiation taking null 
alleles into account (ENA method for estimating FST values; Chapuis and Estoup 2007). 
Pairwise FST values obtained with FreeNA were used to determine the degree of 
differentiation among species of Palinurus.  
 
Estimating effective population size is particularly relevant for conservation studies 
since it interacts with selection to influence the fixation probabilities of deleterious 
mutations (Wright 1931, 1969). Furthermore, conservation of genetic variability is 
important to the health of populations because decreased genetic variability leads to 
increased levels of inbreeding and reduced fitness (Frankham 1995, 2003). In the present 
study, long-term effective population size was directly estimated based on microsatellite 
heterozygosity using Nei’s (1987) formula Ne = (1/[1 − He]2 − 1)/8μ and assuming 
mutation rates (μ) from 1.0 × 10−3 to 1.0 × 10−4 mutations/locus/generation. The 
population parameter theta (θ = 4Neμ) was also used to estimate effective size based on 
all 13 microsatellite loci. RoyChoudhury and Stephens (2007) have shown that the 
homozygosity estimator (θH) of Kimmel et al. (1998) is an accurate and unbiased 
estimator of the scaled population mutation rate. Consequently, we use this estimator of θ 
to calculate the long-term effective population size using the above mutation rates.  
 
The species under study may have undergone past changes in demography, such as 
a bottleneck, for which the genetic signature is still manifest. Therefore, two different 
microsatellite-based approaches were used to test for signatures of recent population 
bottlenecks in each species. First, we used the program BOTTLENECK ver. 1.2.02 
(Cornuet and Luikart 1997), assuming an infinite allele model (IAM), a stepwise 
mutation model (SMM), or a two-phase model of mutation (TPM, with 70% SMMs). 
 7
BOTTLENECK identifies very recent reductions in effective size by comparing 
heterozygosity from observed data to heterozygosity in a simulated population at neutral 
mutation–drift equilibrium. The method of Luikart et al. (1998) was used to compare the 
distribution of allele frequencies observed in a population suspected to have undergone 
bottleneck to the distribution expected in a non-bottlenecked population (so-called mode-
shift distortion). A Wilcoxon signed-rank test was used to determine if a statistically 
significant number of loci displayed a heterozygote excess compared to expectations 
based on the observed number of alleles. Secondly, a metric analogous to the mismatch 
distribution but comparing the distribution of length differences among microsatellite 
alleles was also used to detect demographic changes in these species (Kimmel et al. 1998; 






















V) and the homozygosity 
estimator (θH) from equations (1) and (3) of Kimmel et al. (1998). The difference in the 
natural logarithm of these estimators, averaged over all microsatellite loci, is the natural 
logarithm of the imbalance index (lnβ). This statistic relies on an imbalance between the 
allele size variance and heterozygosity to detect population growth (Bos et al. 2008). The 
imbalance index should be < 1 for expanding populations whose pre-expansion history is 
stable, but is characteristically > 1 in populations with a reduction in size that precedes a 
detectable growth phase. The lnβ metric was chosen because of its power and ability to 
detect historic signals of population expansion (King et al. 2000). The analysis method of 









Percentage of polymorphic markers was 100% for all tested species with the 
exception of Palinurus barbarae (92.3%), for which no variability was found when 
analysed using the PE10 locus (supplementary data, S1). The mean allele number per 
locus varied from 4.92 + 1.98 (P. charlestoni; n=5) to 11.38 + 7.39 (P. elephas; n=24) 
(Table 1). However, even though an overall smaller mean number of alleles was found in 
P. charlestoni (probably due to the smaller sample size), gene diversity levels were the 
highest for a Palinurus species and P. charlestoni had the second largest allele richness 
(5.07) when sample size was standardized using rarefaction methods. Allele distribution 
and frequency across species for each locus indicates that allele size range is slightly 
larger in the northern hemisphere species (data not shown). Microsatellite markers 










+ 0.077 (P. barbarae) to 0.792 + 0.051 (P. elephas).  The mean level of 
polymorphism (gene diversity) at each locus (He = 0.721 
212 
+ 0.010) and the mean observed 
heterozygosity value (Ho = 0.601 
213 
+ 0.009) was similar across species (Table 1). 
Interestingly, even though the amount of genetic variability was similar among spiny 
lobster species, comparatively high allele richness values was found in the shallow water 
species (P. elephas, P. gilchristi and P. charlestoni) when the relationship between allelic 

















 Five loci presented particularly high global Fis values (PE10 = 0.301; PE11 = 
0.364; PE31 = 0.374; PE44 = 0.353 and PE53 = 0.339) while significat Fis values were 
found mostly in southern hemisphere species (supplementary data, S2). Overall Fis value 
was similar for most species (mean W&C = 0.179; R&H = 0.156) except for the very low 
value of P. charlestoni (W&C = -0.067; R&H = -0.067) and the higher value found in P. 
delagoae (W&C = 0.446; R&H = 0.402). This result may be due to the presence of null 
alleles in these loci as indicated by the FreeNA analyses. However, genetic differentiation 
estimates did not vary significantly when using the raw dataset (FST = 0.1542) or when 
correcting for the presence of null alleles (FST = 0.1451), which indicates that presence of 
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ST values were found in comparisons between all species pairs (Table 2). 
 
Long-term effective population sizes estimated using Nei’s (1987) formula ranged 
from 600 to 50,000 depending on the species and assumed mutation rate. Largest 
effective population sizes were found in P. elephas, P. gilchristi and P. charlestoni, while 
smaller sizes were consistently found in P. mauritanicus, P. delagoae and P. barbarae. 
The same pattern and almost identical values were found when effective population sizes 
were estimated using the homozygosity estimator (θH) of Kimmel et al. (1998) (Table 3). 
The program BOTTLENECK provided comparable expected heterozygosity values under 
an infinite allele model (IAM), a stepwise mutation model (SMM), or a two-phase model 
of mutation (TPM, with 70% SMMs) (Table 3). In all species but for P. charlestoni, 
observed heterozygosity values were lower than heterozygosity values expected under the 
different mutation models (Fig. 2). Wilcoxon signed-rank one-tail tests identify very 
recent demographic changes in P. elephas (He=0.735; P=0.013) and P. gilchristi 
(He=0.700; P=0.001) for heterozygote excess when the IAM model is assumed and for 
all deep-water species P. mauritanicus (He=0.748; P=0.040), P. delagoae (He=0.768; 
P=0.047) and P. barbarae (He=0.775; P=0.032) for heterozygote deficiency when the 
SMM model is assumed. When the full dataset (13 microsatellites) was used, the 
observed values for the variance estimator (θV) were particularly high for P. gilchristi and 
P. barbarae. A detailed examination of the variance estimator (θV) values obtained for 
each locus indicated a large effect of the locus PE44, which is the only imperfect 
microsatellite analysed and which therefore had a repeat mutation step of just 1bp. When 
locus PE44 was excluded from the analysis, variance (θV) and homozygosity (θH) 
estimators presented similar values for every species of Palinurus. In all cases, the 
imbalance index (β) was > 1, which is typical in populations with a reduction in size that 



































The present study indicates that microsatellites developed for Palinurus elephas 
give successful amplification in every known Palinurus species, with percentage of 
polymorphic markers being 100% for all tested species with the exception of P. 
barbarae. Population genetic studies have been traditionally based on allozymes, mtDNA 
restriction fragment polymorphisms (RFLPs), sequence data and microsatellite markers 
(Avise 2004). Among all these markers, microsatellites are generally the markers of 
choice when neutral markers are needed, even though mtDNA is also exceptionally 
powerful and a combination of marker systems may provide useful information about 
differential migration rates among sexes (Langergraber et al., 2007). Disadvantages such 
as the high costs and difficulties to find new microsatellites from complex genomes can 
be overcome by cross-species amplifications. Previous studies in marine fish had 
indicated a significant negative relationship between phylogenetic distance and 
microsatellite amplification success, estimated as proportion of amplified loci (Carreras-
Carbonell et al., 2008). Interestingly, Groeneveld et al. (2007) recently found that the 
largest mtDNA sequence divergence between two Palinurus species (8.24%) was 
between P. elephas in the Atlantic and P. barbarae in the Indian Ocean. This pattern of 
lower amplification success with larger phylogenetic distance could also explain the 
higher number of null alleles found for some loci in the southern hemisphere species. 
 
The amount of variability, gene diversity measures and Fis values found in 
Palinurus species using microsatellite markers are similar to those found in other marine 
decapods (Robainas et al. 2002; Urbani et al. 1998; Yap et al. 2002). Despite the 
differences in sample size for the species included in the present study, rarefaction-based 
methods allowed the comparison of allelic richness values among Palinurus species (Fig. 
1). Generally, widespread species tend to have higher levels of genetic diversity than rare, 
endemic, and otherwise geographically restricted species (Avise and Hamrick 1996; Cole 
2003). Contradicting this trend, P. charlestoni showed the second highest genetic 
diversity value (Table 1; Fig. 2). In fact, the trend found in the present study was for 

































counterparts regardless of the number of genotypes analysed (Fig. 1). Estimated values 
for shallow water species generally double those of deep water congeners (Table 3). 
Lower genetic diversity and higher inbreeding in P. mauritanicus, P. delagoae or P. 
barbarae would be likely due to populations being smaller in deep water than in 
shallower water species.  
 
Population genetics theory suggests that only very small populations suffer 
significant loss of genetic diversity, with minimum effective population sizes (Ne) 
required to maintain genetic diversity being about 50-500 individuals (Ellstrand and Elam 
1993). For marine fisheries, even “collapsed” stocks usually have census sizes (N) of 
several million individuals so that there is generally little concern about the genetic 
diversity of exploited species, even though the effects of overfishing on species diversity 
and abundance are well documented (Hutchings 2000; Law 2007). However, most marine 
organisms are characterized by type III survivorship curves, with a combination of high 
fecundity and high juvenile mortality, and such life-history traits generate a very high 
variance in reproductive success, which can depress Ne substantially and cause extremely 
low Ne/N ratios (Hedgecock 1994). For example, Ne can be several orders of magnitude 
smaller than census size in marine fishes, producing Ne/N ratios varying from 10-5 to 10-
3 (Hauser et al. 2002; Turner et al. 2002). Considering effective population sizes in 
Palinurus species as estimated both from the homozygosity estimator (θH) of Kimmel et 
al. (1998) and from Nei’s (1987) formula and using the Ne/N estimate of 10-3 – 10-5 
found in other marine species, census population sizes of Palinurus species would go 
well above several million individuals. Conversely, stocks of several million individuals 
may actually represent much smaller effective population sizes. Therefore, many 
exploited marine stocks may be in danger of losing genetic variability, despite their large 
spawning stock biomasses. 
 
The phylogeography of several species included in the genus Palinurus have been 
recently addressed using mithocondrial genes such as CR and COI (Tolley et al. 2005; 
Gopal et al. 2006; Palero et al. 2008d). In all cases, mtDNA presented fairly high 

































number of closely related haplotypes (Tolley et al. 2005; Gopal et al. 2006; Palero et al. 
2008d). Such a pattern of haplotype distribution could indicate the presence of a genetic 
bottleneck caused by demographic fluctuations shaping genetic variation (Harpending 
1994). However, selection acting on the mtDNA molecule would also cause the present 
day haplotypes to coalesce at a recent time (Stephens 2007). If mtDNA genetic diversity 
patterns are shaped by selection, a more complete understanding of the genetic diversity 
distribution found in these species will be gained using selectively neutral nuclear 
markers. As for the inference of past changes in demography for which the genetic 
signature is still manifesting, the program BOTTLENECK did not provide conclusive 
results for any of the species analysed. This result may be related to an insufficient power 
of the method to detect strong and very recent bottlenecks given the number of loci 
analysed (Luikart and Cornuet 1998). The presence of null alleles may also have a 
confounding effect on the results (Luikart and Cornuet 1998). Nevertheless, when using 
Kimmel et al. (1998) method, all Palinurus species showed some sign of bottleneck, in 
agreement with the mtDNA studies.  
 
It is not surprising to get this bottleneck signal in all species analysed, since 
computer simulations indicate that if the population experiences a bottleneck preceding 
expansion, there will be a long (e.g., several thousand generations) time period during 
which b(t) > 1 before showing the signature of expansion alone [b(t) < 1]. However, this 
does not mean that the effect of selection on mtDNA should be discarded. Interestingly, 
the comparison between shallow and deep water congeners using mtDNA showed deep 
water species to have higher haplotype diversity levels than their shallower water 
counterparts (Table 1). Therefore, species with higher gene diversity for microsatellite 
markers (shallow water species) would be the ones that show a lower haplotype diversity 
value when using mtDNA sequence data. A likely cause for the observed pattern would 
be that selection on mtDNA has been stronger in shallower water species, since deep-
water environments tend to be more stable regarding temperature variation. According to 
Gillespie genetic draft hypothesis, the reduction in variation caused by recurrent selective 
sweeps would balance the expected greater levels of neutral diversity in larger 
















recurrent selective sweeps would make mtDNA diversity values to be smaller in shallow 
water species in spite of their larger population sizes as indicated by nuclear markers. 
 
In conclusion, it has been confirmed that microsatellite markers developed for 
Palinurus elephas give successful amplification and show polymorphism for every 
known Palinurus species. Effective population sizes in Palinurus species as estimated 
both from the homozygosity estimator (θH) of Kimmel et al. (1998) and from Nei’s 
(1987) formula would be several orders of magnitude smaller than corresponding census 
population sizes from fishery data, so that millions of individuals are equivalent to an 
effective population size of only hundreds or thousands. Most importantly, deep-water 
species presented lower effective population sizes compared to their shallow water 
counterparts. Therefore, deep-water species would be more sensitive to overexploitation 
and, consequently, overfishing would have a much larger long-term effect on the genetic 
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Figure 1. Relationship between allelic richness (Â) and number of genotypes in a 
sample. Each line represents a different species. Each point in the line is the mean of all 
replicates for sub-samples of size x. 
 
Figure 2. Expected heterozygosity values under an infinite allele model (IAM), a 
stepwise mutation model (SMM), or a two-phase model of mutation (TPM, with 70% 
SMMs). In all species but for P. charlestoni, observed heterozygosity values were lower 








































































Table 1. Diversity measures for each species of Palinurus.  
Species Sample size (individuals) MNA
± sd Ho ± sd Gene diversity 
± sd Allelic richness 
± sd
P. elephas 24 11.38 ± 7.39 0.642 ± 0.027 0.792      ± 0.05 5.40        ± 0.28 0.603 Palero et al., 2008
P. mauritanicus 17 7.69 ± 4.82 0.596 ± 0.034 0.682      ± 0.06 4.56        ± 0.27 0.905 Palero et al., 2008
P. charlestoni 5 4.92 ± 1.98 0.762 ± 0.054 0.762      ± 0.05 5.08        ± 0.00 0.800 Groeneveld et al., 2007
P. gilchristi 20 9.38 ± 6.34 0.654 ± 0.030 0.759      ± 0.07 5.00        ± 0.26 0.858 Tolley et al., 2005
P. delagoae 20 7.62 ± 3.50 0.420 ± 0.033 0.683      ± 0.07 4.18        ± 0.24 0.977 Gopal et al., 2006
P. barbarae 18 7.00 ± 4.20 0.529 ± 0.035 0.650      ± 0.08 4.09        ± 0.30 0.960 Gopal et al., 2006
Mean 104 8.00 ± 1.95 0.601  ± 0.009 0.721      ± 0.01 4.72        ± 0.11
mtDNA diversity (source)
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Table 2. Fst values among species pairs before (below diagonal) and after (above diagonal) correcting for the presence of null alleles 
using the ENA method (Chapuis and Estoup, 2007). 
 
P. elephas P. mauritanicus P. charlestoni P. gilchristi P. delagoae P. barbarae
P. elephas - 0.165 0.165 0.143 0.170 0.211
P. mauritanicus 0.179 - 0.184 0.125 0.163 0.182
P. charlestoni 0.166 0.191 - 0.138 0.138 0.197
P. gilchristi 0.151 0.128 0.129 - 0.074 0.096
P. delagoae 0.197 0.182 0.135 0.085 - 0.028
P. barbarae 0.221 0.191 0.188 0.094 0.023 -
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Table 3. Effective population sizes in Palinurus species as estimated both from Nei’s (1987) formula and from the homozygosity 
estimator (θH) of Kimmel et al. (1998). Estimated values for shallow water species double those of deep water congeners. 
 
P. elephas 1,738  - 49,242  5,094  - 50,943  
P. mauritanicus 735     - 18,109  1,410  - 14,105  
P. charlestoni 1,358  - 35,209  1,904  - 19,042  
P. gilchristi 1,200  - 39,529  2,950  - 29,503  
P. delagoae 701     - 19,436  1,403  - 14,027  
P. barbarae 560     - 15,486  1,082  - 10,824  
Range Ne         
(Nei, 1987)
Range Ne        
(θH)
 27
Table 4. Estimates of the imbalance index for Palinurus species. The imbalance index relies on an imbalance between the allele size 
variance and heterozygosity to detect population growth (Bos et al. 2008) and is characteristically > 1 in populations with a reduction 
in size that precedes a detectable growth phase. 
P. elephas P. mauritanicus P. charlestoni P. gilchristi P. delagoae P. barbarae
theta.variance (θV) 23.654 23.350 27.459 33.130 25.662 21.900
mean.homozigosity (Po) 0.164 0.303 0.257 0.215 0.305 0.343
theta.homozigosity (θH) 18.031 4.951 7.087 10.318 4.879 3.739
imbalance index (β) 1.312 4.716 3.875 3.211 5.259 5.857
ln.imbalance (lnβ) 0.271 1.551 1.354 1.167 1.660 1.768
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Supplementary data.  
 
S1. Gene diversity values obtained for each locus using the program BOTTLENECK ver. 1.2.02 (Cornuet and Luikart 1996).  
 
 
P. elephas P. mauritanicus P. charlestoni P. gilchristi P. delagoae P. barbarae
PE10 0.351 0.166 0.533 0.050 0.097 -
PE11 0.634 0.494 0.378 0.789 0.645 0.733
PE12 0.937 0.882 0.933 0.867 0.883 0.870
PE14 0.926 0.757 0.911 0.918 0.869 0.902
PE20 0.865 0.954 0.956 0.959 0.883 0.918
PE21 0.918 0.765 0.711 0.722 0.774 0.743
PE22 0.520 0.568 0.714 0.603 0.520 0.542
PE28 0.821 0.770 0.778 0.701 0.500 0.703
PE31 0.899 0.803 0.929 0.868 0.864 0.517
PE44 0.964 0.938 0.933 0.969 0.956 0.960
PE48 0.794 0.570 0.889 0.879 0.881 0.694
PE49 0.882 0.775 0.511 0.776 0.709 0.661
PE53 0.782 0.405 0.733 0.765 0.323 0.223
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S2. Fis estimates according to Weir and Cockerham (1984) and Robertson and Hill (1984) and probability tests of Hardy-Weinberg 
equilibrium based on Markov chain iterations. Significant Fis values are indicated in bold characters. 
 
W&C R&H W&C R&H W&C R&H W&C R&H W&C R&H W&C R&H
PE10 0.172 0.069 0.652 0.686 -0.600 -0.625 - - 1.000 1.053 - -
PE11 0.414 0.267 0.292 0.289 -0.067 -0.016 0.444 0.334 0.664 0.674 0.644 0.431
PE12 -0.023 -0.001 -0.069 -0.065 -0.081 -0.063 -0.040 -0.023 -0.075 -0.064 -0.023 -0.011
PE14 0.148 0.131 -0.103 -0.060 0.135 0.063 -0.092 -0.059 0.091 0.056 0.064 0.162
PE20 0.250 0.196 0.077 0.057 0.180 0.125 0.222 0.188 0.433 0.316 0.127 0.110
PE21 0.095 0.059 0.079 0.003 -0.143 -0.100 -0.112 -0.073 0.257 0.334 -0.126 -0.078
PE22 0.605 0.569 0.422 0.292 -0.500 -0.417 -0.139 -0.122 0.214 0.202 0.081 0.091
PE28 -0.016 -0.031 -0.072 0.023 -0.333 -0.250 0.075 0.051 0.406 0.237 0.134 0.097
PE31 0.132 0.096 0.241 0.163 0.500 0.400 0.267 0.298 0.821 0.760 0.533 0.277
PE44 0.313 0.159 0.317 0.187 0.385 0.313 0.299 0.168 0.590 0.593 0.529 0.389
PE48 0.164 0.110 -0.032 -0.018 -0.143 -0.100 -0.083 -0.070 0.210 0.189 0.204 0.291
PE49 0.056 0.016 0.170 0.233 -0.200 -0.116 0.034 0.019 0.544 0.347 0.022 0.343
PE53 0.419 0.291 0.279 0.150 0.200 0.050 0.744 0.836 0.643 0.529 -0.058 -0.015
All Loci 0.210 0.149 0.173 0.149 -0.067 -0.067 0.135 0.129 0.446 0.402 0.178 0.174
P. delagoae P. barbaraeP. elephas P. mauritanicus P. charlestoni P. gilchristi
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The high dispersal potential of planktonic larvae should result in genetic 25 
homogeneity over large distances in marine species, unless local adaptation or 26 
oceanographic barriers counteract this dispersal. However, fine-scale endemism and 27 
cryptic speciation are commonly found in marine taxa. The spiny lobster genus Palinurus 28 
has a particular distribution with two groups of three species each present in the 29 
Northeastern Atlantic (P. elephas, P. mauritanicus and P. charlestoni) and Southeastern 30 
Atlantic and Southwestern Indian Oceans (P. gilchristi, P. delagoae and P. barbarae). 31 
Previous studies using mtDNA data indicated that the main cause for divergence was the 32 
northward collision of Africa with Eurasia in the Miocene, which implies that the 33 
mutation rate in Palinurus is 10 times slower than that previously assumed for arthropod 34 
mtDNA. Furthermore, Cape Verde islands endemic species P. charlestoni would actually 35 
have been originated from a South-African ancestor. However, there is a certain 36 
controversy on the phylogeography and speciation modes of the Eastern Atlantic and 37 
Western Indian species of some taxa, e.g. algae (Verbruggen et al., 2005), sea urchins 38 
(Lessios et al., 2001), fishes (Rocha et al., 2005, Teske et al., 2007). These studies 39 
suggested that either older events, e.g. the widening of the central Atlantic during the 40 
Jurassic (Smith et al., 1994) or recent oceanographic processes, e.g. western African 41 
upwellings (Shannon, 1985) could have influenced the phylogeny of many marine taxa. 42 
Therefore, a more complete understanding of the phylogenetic relationships among these 43 
species, using nuclear and mithocondrial genes, will allow us to answer important 44 




The high dispersal potential of planktonic larvae usually results in genetic 48 
homogeneity over large distances in marine species, unless local adaptation or 49 
oceanographic barriers counteract this dispersal (McFadden et al., 1997; Lessios et al., 50 
2006). Because of such dispersal potential, ranges of marine organisms have frequently 51 
been considered to be vast (Avise, 1998), even though marine species can also exhibit 52 
cryptic speciation and fine-scale endemism (Knowlton 1993; Meyer et al., 2005). In fact, 53 
despite a supposed random mixing of larvae, large contact zones in apparently continuous 54 
sea regions have been found to sustain genetic differences (Gardner 1997). In most cases 55 
it is not clear if such differences are due to an ongoing process of sympatric speciation or 56 
correspond to secondary contact after allopatric divergence (Butlin et al., 2008). 57 
Allopatric speciation in marine organisms is mainly thought of a vicariance process, 58 
where a species’ geographic range becomes fragmented following changes in 59 
oceanographic conditions or the disconnection of populations by lower sea levels, with a 60 
consequently divergence due to genetic drift (Knowlton and Mills, 1992; Barber et al., 61 
2002). However, allopatric speciation could be also result from a founder effect, where a 62 
new population is established by a small number of individuals, often by long-distance 63 
dispersal, with subsequent restricted gene flow leading to speciation (Heads, 2005).  64 
 65 
Sometimes considered a special case of allopatric speciation, peripatric speciation 66 
(or leading edge hypothesis), occurs between populations that are not physically isolated 67 
from each other (Turelli et al., 2001). In the marine environment, a large population is 68 
usually spread across a wide range of local environments that slightly differ from each 69 
other. On the edge of such a range, small local groups may be strongly affected by natural 70 
selection, so that if survival at the edge of the range is particularly difficult, such groups 71 
may be mostly composed of migrants from the center of the main population (Pitt et al. 72 
2008). However, if new adaptations and environmental changes allow individuals in the 73 
edge to survive and proliferate, and the amount of gene flow from the rest of the 74 
population is small, then the force of natural selection may overcome the tendency of 75 
gene flow to limit divergence (Kirkpatrick and Barton, 1997). As a subpopulation at the 76 
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edge of the range becomes more adapted to its local conditions, reproductive contacts 77 
with the rest of the population may become less important (Servedio, 2004). Therefore, if 78 
the edge subpopulation succeeds, this process can result in speciation without the need 79 
for a strong reduction in population effective size to enhance genetic drift. 80 
 81 
Spiny lobsters (Palinuridae Latreille, 1802) are one of the most commercially 82 
significant groups of decapod crustaceans, with large and important fisheries worldwide 83 
(Holthuis, 1991; FAO, 2008). Palinurid lobsters are long-lived benthic scavengers 84 
generally found near rocky habitats, even though they are considered key predators in a 85 
variety of habitats (Phillips et al., 1980). Adult spiny lobsters are known to be generally 86 
gregarious, and to show a highly evolved and complex behaviour (most of them are able 87 
to communicate thanks to the stridulating organ) (Patek, 2001; Behringer et al., 2006). 88 
Nevertheless, the most striking feature of these lobsters is their flat-bodied crystalline 89 
larval phase, the phyllosoma larva, which is specially adapted for dispersal in oceanic 90 
waters (Booth, 1994; Palero and Abelló, 2007). The phyllosoma larva has a long 91 
planktonic life (up to 24 months) before metamorphosing into the puerulus stage, which 92 
is the transitional stage from planktonic to a benthic existence (Lipcius and Eggleston 93 
2000; Palero et al. 2008). It is generally assumed that such a long planktonic larval 94 
duration (PLD) should promote high levels of gene flow over large distances and 95 
effectively counterbalance the speciation process (Avise, 2000; Coyne and Orr, 2004). 96 
Therefore, life history traits make spiny lobsters a suitable model for better understanding 97 
the speciation process in marine organisms with large dispersal capabilities. 98 
 99 
The genus Palinurus, a typically cold-water genus within the Palinuridae (George 100 
and Main, 1967), is particularly suitable for such studies, since it has a well-defined 101 
distribution with two groups of three species each present in the Northeastern Atlantic (P. 102 
elephas Fabricius, 1787, P. mauritanicus Gruvel, 1911, and P. charlestoni Forest and 103 
Postel, 1964) and Southeastern Atlantic and Southwestern Indian Oceans (P. gilchristi 104 
Stebbing, 1900, P. delagoae Barnard, 1926 and P. barbarae Groeneveld et al. 2006b) 105 
(Groeneveld et al., 2007). In fact, the phylogeny of the Palinurus species has been 106 
recently addressed using 16S and COI mtDNA sequences and maximum parsimony and 107 
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bayesian phylogenetic reconstruction methods (Groeneveld et al., 2007). The results 108 
obtained by Groeneveld et al. (2007) supported the monophyly of each species within the 109 
genus and indicated that the Northern Hemisphere species P. charlestoni could actually 110 
have been originated from a South-African ancestor colonizing Cape Verde islands, even 111 
though results were inconclusive. The authors propose that the present geographical 112 
distribution of Palinurus species indicates a pre-Miocene allopatric divergence, with two 113 
main lineages separating after the northward collision of Africa with Eurasia that closed 114 
the marine gateway between Mediterranean Sea and Indian Ocean (11.2– 23 Mya) (Rögl 115 
and Steininger, 1984). Such interpretation of the results implied that the Palinurus 116 
mtDNA (COI and 16S rRNA combined) has evolved no faster than 0.18% (lower bound) 117 
to 0.36% (upper bound) per lineage per million years. Those rates of evolution would be 118 
3-7 times slower that reported for other decapod taxa (Schubart et al., 1998), with 119 
Palinurus showing among the slowest mtDNA mutation rate reported to date 120 
(Groeneveld et al., 2007). In relation to this question, there is a certain controversy on the 121 
phylogeography and speciation modes of the Eastern Atlantic and Western Indian species 122 
of some taxa, e.g. algae (Verbruggen et al., 2005), sea urchins (Lessios et al., 2001), 123 
fishes (Rocha et al., 2005, Teske et al., 2007). These studies suggest that either older 124 
events, e.g. the widening of the central Atlantic during the Jurassic (Smith et al., 1994) or 125 
recent oceanographic processes, e.g. western African upwellings (Shannon, 1985) could 126 
have influenced the phylogeny of many marine taxa. Therefore, a more complete 127 
understanding of the phylogenetic relationships among Palinurus species, will allow us to 128 
answer important questions regarding the speciation processes in marine taxa with an 129 
Eastern Atlantic and Western Indian Ocean distribution. 130 
 131 
Moreover, it should be noticed that, even though the mtDNA results provide 132 
comforting genealogical support to the classical view of species as qualitatively distinct 133 
taxa (Mayr 1957), the reconstruction provided by mtDNA is not representative of most of 134 
the genome and may bias perceptions of evolutionary diversification (Hare et al., 2002). 135 
Actually, some doubts had been previously raised on the phylogenetic relationships of the 136 
extant species of the spiny lobster genus Palinurus, since they show very few 137 
morphological differences, with overlaps between the Indian and Atlantic Ocean taxa 138 
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(Berry and Plante, 1973). If the specific monophyly assumption is false, species 139 
relationships may be incorrectly inferred. Furthermore, the demographic context of 140 
differentiation is not taken into account in most mtDNA studies because single loci offer 141 
low precision on estimates of historical population size (Edwards and Beerli 2000) and 142 
because the relatively shallow coalescent time for this molecule limits the temporal 143 
window for demographic inferences (Knowles et al. 1999). Based on coalescent theory, 144 
ancestral allelic lineages are expected to persist in daughter populations for about 2N 145 
generations (where N is the effective population size of the ancestral population) before 146 
they become fixed, either by drift or selection (Rice 2004). Thus, for a given divergence 147 
time, historical population size is a key factor determining whether a species is 148 
genetically unique at most loci and whether genes are expected to accurately trace the 149 
species phylogeny. At the extreme, large populations undergoing rapid speciation, such 150 
as in some marine species, could create intermingled genealogical tracings containing 151 
very little phylogenetic information among species divergence (Palumbi 1994).  152 
 153 
The present study aims to ascertain the phylogenetic relationships and monophyly 154 
patterns in species of the genus Palinurus from the Eastern Atlantic and Western Indian 155 
Ocean using mitochondrial DNA sequence data and a set of 13 microsatellite markers 156 
previously developed in Palinurus elephas. In order to solve the phylogenetic tree 157 
topology and test among opposite evolutionary hypotheses, analyses with both the classic 158 
distance-based and the recently developed coalescent-based Approximate Bayesian 159 
Computation methods will be undertaken. Coalescent-based methods will allow us to 160 
define the likelihood for different mutation rates and tree topologies to have produced the 161 
observed dataset and consequently test the importance of a strict vicariance mechanism 162 
(i.e. closure of marine gateway) versus a peripatric mechanism (i.e. leading edge 163 
hypothesis) in the origin of the Palinurus species. 164 
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MATERIAL AND METHODS 165 
 166 
DNA were obtained from P. elephas (n = 24; Western Mediterranean; Palero et al., 167 
2008), P. mauritanicus (n = 17; Atlantic Morocco; Palero et al., 2008), and P. charlestoni 168 
(n = 5; Cape Verde Islands; Palero et al., 2008), P. gilchristi (n = 20; Southcoast South 169 
Africa; Tolley et al. 2005), P. delagoae (n = 20; S-KZN2 South Africa; Gopal et al. 2006) 170 
and P. barbarae (n = 18; Madagascar Ridge: Walters Shoals; Gopal et al. 2006). 171 
Multiplex PCR amplification using the polymorphic microsatellite loci isolated from P. 172 
elephas (Palero et al., 2008) were carried out under conditions described in Palero et al. 173 
(2008). Amplified products were scored using an ABI 3770 automatic sequencer from the 174 
Scientific and Technical Services of the University of Barcelona. Alleles were sized by 175 
PeakScanner™ software, with an internal size marker CST Rox 70–500 (BioVentures 176 
Inc.). The 16S rRNA (Palumbi, 1996), and the COI (Folmer et al., 1994) sequences were 177 
obtained as in Groeneveld et al. (2007) and Palero et al. (2008). 178 
 179 
We employed CONVERT 1.2 to transform the excel-based microsatellites dataset 180 
into different formats to be run by other population genetic programs (Glaubitz 2004). 181 
Pairwise differentiation estimates (FST) for microsatellite data were obtained using the 182 
GENEPOP package version 4.0.7 (Rousset 2008), while average GTR corrected sequence 183 
divergence was obtained for mtDNA data as in Groeneveld et al. (2007). In order to test 184 
for a correlation among the genetic distance matrix obtained from mtDNA sequence data 185 
and the msats genetic distance matrix, a Mantel test was carried out. The rows and 186 
columns of one of the matrices were subjected to 700 random permutations, with the 187 
correlation being recalculated after each permutation. Moreover, the patterns of spatial 188 
genetic structure described as isolation-by-distance (IBD) models (Wright 1943) were 189 
evaluated using a Mantel test between the matrix of geographic distance and each genetic 190 
distance matrix. The Mantel test analysis for a multiple set of distance matrices (modified 191 
from Reynolds, 2001) has been implemented in R and is available from the authors upon 192 
request.  193 
 194 
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In order to solve for the grouping that explained most of the genetic variation, the 195 
distribution of genetic variance when Palinurus charlestoni samples were distributed 196 
according to the different hypotheses proposed was estimated by analyses of molecular 197 
variance (AMOVA) with 20,000 bootstrap repeats using Arlequin v.3.11 (Excoffier et al. 198 
2005). Moreover, the distance measures of Cavalli-Sforza and Edwards (1967), Prevosti 199 
et al.'s  (1975) and shared allele distance (Chakraborty et Jin., 1993) were obtained and 200 
phylogenetic trees (both based on individuals or populations) were built from several 201 
distance matrices using Neighbor Joining or UPGMA algorithms as implemented in the 202 
Software Populations v1.2.30 (Olivier Langella, 2006?). A total of 1000 bootstrap 203 
replicates over loci were obtained to asses support for each clade. Previous phylogenetic 204 
analyses indicate that the species found in the Northernmost part of the distribution area 205 
of the genus, Palinurus elephas, would be the most basal species of the group, and 206 
therefore it has been consistently used to root the trees (Groeneveld et al., 2007; Palero et 207 
al., 2008). 208 
 209 
ABC METHODS 210 
 211 
 Approximate Bayesian computation (ABC) is a highly flexible technique that 212 
allows the estimation of parameters under demographic models that are too complex to be 213 
handled by full-likelihood methods. We follow the ABC approach described formally by 214 
BEAUMONT et al. (2002). The method relies on the simulation of large numbers of data 215 
sets using known parameters under a given model. Summary statistics are calculated for 216 
each data set. These simulated statistics are then compared with summary statistics 217 
calculated from the observed sample. Simulated summary statistics that are "close" 218 
enough (i.e., fall within a predetermined distance or the proportion of the simulations that 219 
are closer) to the observed summary statistics are retained, with their associated 220 
parameters. All other data sets are rejected. After a smooth weighting and local regression 221 
adjustment step, the accepted parameters form an approximate posterior distribution that 222 
can be used to estimate the parameter of interest. 223 
 224 
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A standard backward coalescent process is implemented to simulate gene genealogies. 225 
Going backward in time, the instantaneous expansion corresponds to an instantaneous 226 
contraction, where all gene lineages are instantaneously brought back to the originating 227 
deme, where further coalescent events can occur until only one lineage remains. Genetic 228 
data are obtained by adding mutations at rate μ under a strict stepwise mutation model for 229 
STRs and a finite sites model without transition bias for sequences. Parameters describing 230 
the scaled expansion time τ = 2Tμ and the scaled population size θ = 2Nμ are thus known 231 
and recorded for each simulation. We note here the advantage of separating the 232 
simulation model from the estimation procedure. Since the accuracy of estimation 233 
depends in part on the number of simulations used (the simulation size), where possible it 234 
is desirable to use several hundreds of thousands to millions of simulations. Depending 235 
on the complexity of the underlying model, it therefore takes much longer to generate the 236 
simulation file than to run the ABC estimation procedure. During the exploration phase 237 
of research, the separation of these two steps saves considerable time by allowing 238 
multiple analyses to be run using a single simulation file. For mtDNA, XXX summary 239 
statistics were calculated for each sampled deme: number of haplotypes, k ; 240 
homozygosity, Ho ; number of segregating sites, S; and the average number of pairwise 241 
differences, π. For STR data, three within-deme summary statistics were decalculated for 242 
each sampled deme: mean number of alleles per locus, a; homozygosity, Ho ; and mean 243 
variance (across loci) in allele repeat number. These statistics were chosen for their 244 
ability to estimate parameters on the basis of preliminary investigations and their known 245 
dependency on the values of the parameters of a range expansion under the infinite island 246 
model (REF).  247 
 248 
For mtDNA, simulations were sampled from prior distributions of τ as a uniform 249 
distribution between X and X, and θ as a log-uniform distribution between X and X. For 250 
STR loci, simulations were sampled from prior distributions of τ as a uniform distribution 251 
between X and X, and θ as a log-uniform distribution between X and X. We used log-252 
uniform prior distributions to have equal coverage (and potentially equal accuracy of 253 
estimates) for different values of the parameters. Unless otherwise stated, 1,000,000 254 
values of the summary statistics were generated and a tolerance Pδ = 0.001 was used to 255 
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give 1000 points from which parameters were estimated. As suggested by Beaumont et 256 
al. (2002), a log transformation was applied to the retained, simulated parameters before 257 
the regression adjustment, and parameter estimates were based on the back-transformed 258 
values. We also follow Beaumont et al. (2002) in using the fitted value of the regression 259 
line as a point estimate of the parameter. During exploratory analysis of a small subset of 260 
results, means, medians, and modes of the posterior distribution were calculated as 261 
alternative estimators, and only minor differences in the value of parameter estimates 262 






A significant correlation between the genetic distance matrix obtained from 268 
mtDNA sequence data and the msats genetic distance matrix was found with the Mantel 269 
test (R = 0.626; P = 0.003). Moreover, when the IBD models (Wright 1943) were 270 
evaluated using a Mantel test between the matrix of geographic distance and each genetic 271 
distance matrix, even though the correlation was significant in both cases, a higher 272 
standardized Mantel correlation coefficient was observed for the microsatellite dataset (R 273 
= 0.585; P = 0.001) than for the mtDNA dataset (R = 0.237; P = 0.033). When grouping 274 
northern hemisphere species (P. elephas, P. mauritanicus and P. charlestoni) against 275 
southern hemisphere species (P. gilchristi, P. delagoae and P. barbarae), only 5.89% of 276 
the genetic variance was explained by the groups. However, AMOVA analyses with P. 277 
charlestoni grouped together with the southern hemisphere species (10.04%), and 278 
particularly when P. charlestoni was grouped with P. gilchristi (10.76%) explained most 279 
of the genetic variance and therefore indicate that P. charlestoni’s closest relative is the 280 
south african species P. gilchristi. Grouping P. mauritanicus with the southern 281 
hemisphere species increased consistently the percentage of variance caused by 282 
differences among species within groups (Table X). 283 
 284 
The distance measures of Cavalli-Sforza and Edwards (1967), Prevosti et al.'s  285 
(1975) and shared allele distance (Chakraborty et Jin., 1993) all agree with placing P. 286 
charlestoni samples next to P. elephas samples and showing a monophyletic southern 287 
hemisphere species clade when phylogenetic trees are built using the individual-based 288 
matrices and the Neighbor Joining algorithm (Fig. Xa). However, the UPGMA algorithm 289 
with both Prevosti et al.'s (1975) and the shared allele distance (Chakraborty et Jin., 290 
1993) indicate that P. mauritanicus diverged first, then P. charlestoni and finally, the 291 
southern hemisphere species clade. Finally, the individual-based UPGMA reconstruction 292 
using Cavalli-Sforza and Edwards’ distance was the only method that resulted in a 293 
nesting of P. charlestoni individuals within the southern hemisphere clade. When dealing 294 
with populations instead of individuals, every distance measure and reconstruction 295 
method provided a well supported monophyletic southern hemisphere clade (Fig. Xb). 296 
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Nevertheless, phylogenetic relationships among northern hemisphere species were not 297 







Our within-genus phylogenetic analyses using a new set of polymorphic nuclear 304 
loci and the classic distance-based methods consistently support a North-to-South pattern 305 
of speciation in Palinurus with all the South-African species forming a monophyletic 306 
clade (Fig X). Moreover, the combination of nuclear and mtDNA markers under the 307 
recently developed coalescent-based ABC methods has allowed us to test for the 308 
previously suggested hypothesis of P. charlestoni originating from a P. gilchristi-like 309 
ancestor (Groeneveld et al., 2007), so that it can be confirmed that a North-to-South 310 
speciation pattern is more consistent with the observed dataset. This North-to-South 311 
speciation process would be congruent with the clock-wise cyclonic gyre moving water 312 
masses all along the western coast of Africa. Canary current flows year-round towards 313 
the equator (Wooster et al. 1976; Batten et al. 2000), while the ocean surface Angola 314 
current flows near western Africa's coast from 2ºN to 20ºS. Teleplanic larvae like 315 
phyllosoma could have also been transported by the Angola current, which communicates 316 
with the turning branch of the Benguela current, facing south. Therefore, some larvae 317 
could have colonized South African waters using a conveyor-belt-like system. In 318 
addition, it should be pointed out that this North-to-South speciation hypothesis could not 319 
be discarded in previous phylogenetic analyses using mtDNA sequence data (Groeneveld 320 
et al., 2007). However, rather than if larvae could have reached southern Africa waters, 321 
there seems to be a more important question to solve: were south-African waters a 322 
suitable environment for Palinurus to survive and proliferate?  323 
 324 
A previous phylogeographic study using the COI region and the standard rates for 325 
decapoda, had found the divergence times for P. elephas and P. mauritanicus to be much 326 
more recent than proposed by Groeneveld et al (2007) (Palero et al. 2008). Also, another 327 
study on the Achelata infraorder evolutionary relationships showed no genetic variation 328 
to be present among all Palinurus species (but P. elephas) when analyzed using sequence 329 
data from several nuclear genes (Palero et al. 2008). All this evidence together seem to be 330 
indicative that a very recent speciation process would have been responsible for the origin 331 
of the South African Palinurus species, even though an extremely low mutation rate 332 
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could also be called for to explain the lack of genetic differentiation. In agreement with 333 
previous evidence, the coalescent simulations carried out in the present study indicate that 334 
the observed molecular dataset is not likely to result from a low mutation rate while the 335 
faster (standard) mutation rate is supported regardless of the speciation hypothesis 336 
assumed. Mutation rates make the difference in this case, since it is obvious that genetic 337 
data is only half of the story and speciation timing should be consistent with independent 338 
information on environmental variables. Interestingly, divergence times obtained for 339 
Palinurus species using the standard rates agree with known glaciation-related processes 340 
during the last 2My (Prange et al. 2002). It is well-known that the late Pliocene changes 341 
in the climate system, both in the Northern and the Southern Hemisphere, had a large 342 
impact on the evolution of many terrestrial organisms (deMenocal, 2004). Therefore, the 343 
question directly arises: How did all these changes affect the ocean circulation patterns in 344 
the southern Atlantic and, particularly, how did it affect southern Africa marine 345 
environment? 346 
 347 
During the Pliocene, the most important change in ocean circulation was related 348 
to the gradual closure of the Panama Isthmus between 5 and 3 Mya (Marlow et al., 2000; 349 
Prange et al. 2002). Exchange of tropical Atlantic and Pacific water masses was stopped 350 
and a present day circulation established with a strong influence of North Atlantic Deep 351 
Water on global circulation, with a strong intensification of the Benguela Current 352 
upwelling system (Prange and Schulz, 2004). Even though upwelling off Namibia 353 
probably started during the mid-Miocene (Siesser, 1980), the Matuyama diatom 354 
maximum (~2Mya) marked the transition from a warm to a cold mode of trade-wind 355 
controlled upwelling along the southwest African coast with enhanced advection of sub-356 
Antarctic water masses (Lange et al., 1999). Marlow et al. (2000) have shown that the 357 
Benguela Current upwelling system became pronounced at 2.1 to 1.9 Mya and intensified 358 
during the period leading to the onset of the 100 kyr glacial cycles at ~0.6 Mya. The 359 
intensification of BC upwelling had a direct regional influence by cooling the marine 360 
waters of southern Africa (Marlow et al., 2000). The average sea surface temperature in 361 
southwest African waters was directly affected by this upwelling system, shifting from 362 
about 26°C in the mid-Pliocene (3.5Mya) to approximately 18°C in modern times 363 
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(Marlow et al., 2000). Therefore, water temperature would not have allowed the 364 
expansion of a cold-water genus like Palinurus in southern Africa until the late 365 
Pleistocene, since Palinurus species are generally found between 11-18ºC. Indeed, 366 
according to ABC divergence time estimates, P. chalestoni and P. gilchristi lineages 367 
would have diverged only about 550ky ago, after southwest African waters became 368 
suitable to live in for Palinurus species. 369 
 370 
 Moreover, the individual-based analyses have shown that monophyly patterns in 371 
species of the genus Palinurus from the Eastern Atlantic and Western Indian Ocean are 372 
not well supported. This result is in agreement with the coalescent theory, which claims 373 
that polyphyletic gene lineages can persist in species long enough after divergence 374 
(Tajima 1983; Palumbi et al. 2001). It should be taken into account that with an ancestral 375 
population effective size of about 20,000 (see results) and a generation time of 4-10 376 
years, a total of 160-400kyr will be needed for gene lineages to get fixed. This would be 377 
in agreement with divergence times estimates obtained from the combined dataset, since 378 
the individual-based analyses show that incomplete lineage sorting is most pronounced in 379 
the most recently evolved species pair, P. delagoae and P. barbarae (divergence time: 380 
~89kyr). Interestingly, P. barbarae seems to be particularly adapted to warmer 381 
environments, being the only Palinurus species commonly found in waters above 16ºC 382 
(Groeneveld et al., 2007), which would also agree with the leading-edge hypothesis. 383 
Assessment of Groeneveld et al. (2007) results in the light of the above discussion 384 
indicates that departure from equilibrium and even relatively weak selection in mtDNA 385 
could severely bias parameter estimates and alter interpretations. Indeed, far from being a 386 
neutral molecule, recent studies show that the mitochondrial genome appears to have 387 
ample scope to be shaped by negative as well as positive selection (Bazin et al., 2006; 388 
Montooth and Rand, 2008).  389 
 390 
Nevertheless, this does not mean that microsatellite marker-based inference is 391 
completely reliable and flawless. Because the models are all that are available for 392 
interpreting species divergence, it is critical that their limitations are understood (Avise, 393 
2000). The model used assumes that only random genetic drift and immigration are 394 
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involved, i.e. that selection is negligible and the populations are in equilibrium (e.g. 395 
Chakraborty and Leimar, 1987). Thus, selection acting on the microsatellite markers 396 
could also distort the parameter estimates and alter interpretations. Further problems for 397 
microsatellite based genealogical inference are imposed by a presumed length constraint, 398 
which keeps the repeat number at a locus below a certain threshold (Bowcock et al., 399 
1991). Earlier studies have shown that SMM can explain relatively well the evolutionary 400 
processes of most microsatellite loci (e.g. Weber and Wong 1993, Deka et al. 1993). It is, 401 
however, important to have more than just a few microsatellite loci so that the noise 402 
caused by irregularly evolving loci is reduced. Takezaki and Nei (1996) tested the 403 
probability of finding the correct topology when using microsatellites and showed that 404 
the probability of detecting the correct topology increased as the number of loci increased 405 
regardless of the mutation model assumed. Taking all this limitations into account, it can 406 
be concluded that a larger effort should be put forward to test the suitability of 407 




The Palinurus speciation pattern is a typical example of a series of rapid speciation 412 
events occurring within a group, with very short branches separating the different species. 413 
Molecular tools have helped to uncover closely related and still diverging species from a 414 
wide variety of taxa and have provided insight into the mechanisms, pace and geography 415 
of marine speciation (Knowlton 1993; Palumbi 1997; Lessios et al. 2001). Coupled with 416 
information about geological history of regions, faunistic affiliations of species found in 417 
particular regions, and the oceanic currents that may provide dispersal corridors, 418 
molecular data can greatly help document the geographic pattern and relative timing of 419 
species formation. Indeed, recent genetic evidence suggests that many species groups are 420 
relatively new, originating after the onset of the Pleistocene, during the last two million 421 
years (Palumbi 1996; McMillan et al. 1999; Barber et al. 2002). These recent speciation 422 
events provide a great opportunity to analyze the speciation process in marine taxa, and 423 
allow a combination of genetic, morphological, behavioural and biogeographic data to be 424 
used to answer questions about speciation mechanisms. The present study shows that 425 
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footprints of species formation are most likely to be identified when comparing recently 426 
diverged species, initial differentiation of which can be correlated with the different 427 





Figure legends. 431 
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(PELE, PMAU, PCHA), (PGIL, PDEL, PBAR) 82.16 11.95 5.89
(PELE, PMAU), (PCHA,PGIL, PDEL, PBAR) 82.01 11.87 6.12
(PELE, PMAU), (PCHA,PGIL), (PDEL, PBAR) 83.29 11.91 4.8
(PELE, PMAU, PCHA,PGIL), (PDEL, PBAR) 82.01 12.61 5.38
(PELE), (PMAU, PCHA), (PGIL, PDEL, PBAR) 82.12 8.9 8.98
(PELE), (PMAU, PCHA,PGIL, PDEL, PBAR) 80.53 11.75 7.72
(PELE), (PMAU), (PCHA, PGIL, PDEL, PBAR) 81.51 8.45 10.04
(PELE), (PMAU), (PCHA,PGIL), (PDEL, PBAR) 83.21 6.03 10.76
Table X.  
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a b s t r a c t
The European spiny lobster (Palinurus elephas) is a suitable model organism to study the effects of past
history and current oceanographic processes on the genetic diversity and population structure of marine
species with a long-lived larval phase. A portion of the COI gene was sequenced in 227 individuals from
11 localities, covering most of the present distribution of the species. Divergence was found between
Atlantic and Mediterranean regions, which could be explained by restricted gene flow between popula-
tions. Moreover, a principal component analysis detected differences within basins. The existence of
genetic differentiation between Brittany and Ireland–Scotland populations could be accounted for by
the large effect of the Gulf Stream, while mesoscale processes suffered by the incoming Atlantic waters
could be responsible of genetic differentiation within the Mediterranean. Furthermore, historical pro-
cesses could be responsible for a reduction on the overall genetic variability of P. elephas. The haplotypic
distribution found in P. elephas, with the presence of one abundant haplotype and a large number of clo-
sely related haplotypes, is typical of species experiencing reduction in variability and subsequent expan-
sions. Climatic fluctuations related to glacial cycles could explain the present level of variability and
nucleotide diversity found. Interestingly, these glacial events do not seem to have the same impact in
other species of the same genus. Our results indicate that recent glacial events could have had a lower
impact on Palinurus mauritanicus, a congeneric species that presents an overlapping distribution area
but is found in cooler waters than P. elephas.
 2008 Elsevier Inc. All rights reserved.
1. Introduction
Genetic variability and population genetic structure of a species
are shaped by both past and present ecological processes, such as
recent paleoecological history (e.g., glaciations) and current pres-
sures (e.g., over-exploitation, habitat degradation, introduction of
invasive species). Taking into account the influence of present gene
flow on the genetic structuring of the species is crucial in order to
protect those populations with higher genetic diversity and greater
ability to effectively be able to export individuals to other areas
(Palumbi, 2004). Furthermore, recent paleoecological history
should also be taken into account in order to protect regions con-
taining higher diversity and distinct lineages (Fraser and Bernat-
chez, 2001). Neutral mtDNA markers can provide information
about past events, while giving a picture of the overall gene flow
between populations (Grant and Waples, 2000).
Population connectivity is mainly determined by the potential
dispersal of the species, in a way that species with a restricted dis-
persive ability tend to present more genetically structured popula-
tions (Palumbi, 2003). Planktonic larval duration (PLD) is a key
factor in shaping patterns of dispersal and degree of connectivity
between populations of marine species (Shanks et al., 2003). Thus,
species with a longer PLD should present extensive gene flow (pan-
mixia) and, therefore, low or no population structuring. However,
even though larvae can potentially disperse over long distances,
population structuring can be found at lower levels than expected
under the theoretical limit of larval dispersal (Taylor and Hellberg,
2003; Rocha et al., 2005), given that larval behavior coupled with
oceanographic structures at different scales may be conducive to
larval retention (Naylor, 2006).
Achelata lobsters (spiny, slipper and coral lobsters) are decapod
crustaceans characterized by the presence of the phyllosoma, a lar-
val phase specially adapted for long time dispersal. Dispersive abil-
ity of phyllosoma larvae is among the highest found in crustaceans,
with an estimated duration of up to 24 months in some species of
the genus Jasus (Booth, 1994). Accordingly, no evidence of subdivi-
sion was found among Jasus edwardsii populations from Southern
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Australia or New Zealand (Ovenden et al., 1992), among Panulirus
argus populations from the Caribbean Sea (Silberman et al.,
1994), or Palinurus gilchristi populations from South Africa (Tolley
et al., 2005). On the contrary, RFLPs analysis of mtDNA showed a
genetic subdivision in Jasus verreauxi populations from Southern
Australia and New Zealand, probably due to a fall in larval survi-
vorship while crossing the Tasman Sea (Brasher et al., 1992). A
clear differentiation was also found between P. argus populations
from the Caribbean Sea and Brasil (Diniz et al., 2005), related to
an oceanic barrier formed by the drop in salinity caused by the
Amazon and Orinoco rivers. More recently, Gopal et al. (2006)
found shallow genetic partitioning for Palinurus delagoae along
the South African coast, caused by the retention of some of the lar-
vae in slow-moving anticyclonic eddies.
The European spiny lobster (Palinurus elephas) is present in the
Mediterranean Sea and along the eastern Atlantic coasts fromMor-
occo (28N) to Norway (60N) (Holthuis, 1991). Mean annual
catches of P. elephas have decreased alarmingly during recent dec-
ades along its entire distribution area due to stock over-exploita-
tion (Goñi and Latrouite, 2005), which makes P. elephas a
primary target for conservation plans. Estimates of the duration
of larval development from hatching to first juvenile stage are in
the range of 5–6 months in the Mediterranean (Marin, 1985) and
one year in the Atlantic (Mercer, 1973). Consequently, low or no
population structuring is expected to be present in P. elephas, since
this species has a large dispersal potential due to the long duration
of its planktonic larval phase. However, juveniles of the congeneric
species Palinurus gilchristimigrate along distances of up to 700 km,
which could counteract the dispersal effect of the larval phase
(Groeneveld and Branch, 2002).
Moreover, oceanic fronts and mesoscale gyres could also reduce
the potential range of dispersal of a species by retaining even long-
lived larvae such as phyllosoma larvae (Naylor, 2005). One of the
most well-known oceanic fronts in the Northern Hemisphere is
that found between the Atlantic Ocean and the Mediterranean
Sea, the Almeria–Oran Front, formed by the encounter of the
incoming Atlantic surface water with the modified higher density
Mediterranean water (Tintoré et al., 1995). Most studies on popu-
lation genetics of marine species with an Atlantic–Mediterranean
distribution have focused on the genetic differentiation of popula-
tions found at both sides of the Strait of Gibraltar. Many of them
have revealed some degree of genetic differentiation between pop-
ulations from both marine areas, with some exceptions (Patarnello
et al., 2007). Nevertheless, the interaction between Atlantic and
Mediterranean waters is known to spread on a much wider scale
since Mediterranean waters are known to move north as deep
waters to southern Britain, whereas surface Atlantic waters travel
all along the North-African Mediterranean coast (Millot, 2005).
Consequently most of the picture could be lost when the focus is
set on a small part of the distribution of the species of interest.
In the present work we have analyzed P. elephas individuals
from a total of 11 localities, covering most of the present distribu-
tion of the species. A portion of the COI gene was used as genetic
marker to study the variability and genetic differentiation found
in populations. This sampling scheme will allow us to assess the
genetic population structure between and within Atlantic and
Mediterranean basins. Furthermore, we also aim to analyse
whether the present genetic variability and population structure
of P. elephas is influenced by current and/or historical factors. In
order to infer the influence of historical processes, we used for
Table 1
Haplotype frequency distribution for each locality
Haplotype WSCO WIRE SWEN BRIT BISC SPOR WMED NWME SARD TUNI SICI Total
I 11 14 12 14 10 16 16 19 11 7 13 143
II 3 3 6
III 2 2 1 2 4 4 1 3 4 4 27
IV 1 1
V 1 1
VI 2 1 1 1 1 6
VII 1 1
VIII 1 1 2
IX 1 1
X 1 1
XI 1 3 1 5
XII 1 1
XIII 1 1
XIV 2 1 1 1 5
XV 1 1
XVI 1 1 2
XVII 1 1
XVIII 2 1 3















N 22 19 18 21 15 24 26 24 19 20 19 227
(N) number of specimens per locality. Haplotypes in bold present non-synonymous changes in comparison to haplotype I.
Localities: Western Scotland (WSCO); Western Ireland (WIRE); South Western England (SWEN); Brittany (BRIT); Bay of Biscay (BISC); South Portugal (SPOR); Western
Mediterranean (WMED); North Western Mediterranean (NWME); Sardinia (SARD); Tunisia (TUNI); Sicily (SICI).
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comparison the congeneric species Palinurus mauritanicus, since it
is the only species of the genus with an overlapping distribution
area. The pink spiny lobster P. mauritanicus occurs in the Northeast
Atlantic from Senegal to western Ireland and in the western Med-
iterranean as far as Sicily, but not in the Adriatic (Holthuis, 1991).
P. mauritanicus is generally found in deeper waters (180–600 m)
than P. elephas (5–160 m), with greatest densities occurring be-
tween 200 and 400 m (Holthuis, 1991). This species inhabits the
edge of the continental shelf, especially the canyons, and prefers
muddy and coralligenous substrates near rocky outcrops (Goñi
and Latrouite, 2005). Given that both species have similar biogeo-
graphic distributions and, therefore, could have been influenced by
similar paleoecological events, we would expect past events affect-
ing large areas in the Northern Hemisphere (e.g., glaciations) to
have left a genetic signature in both species of Palinurus.
2. Materials and methods
Tissue samples of P. elephas individuals (n = 227) were obtained
from several localities covering most of the present distribution of
the species (Table 1 and Fig. 1) (GenBank Accession Nos.
EU573030–EU573062). The sampled area included 11 different
localities (Fig. 1): Western Scotland (WSCO): Oban; Western Ire-
land (WIRE): Galway; South Western England (SWEN): Newlyn;
Brittany (BRIT): Le Conquet; Bay of Biscay (BISC): Gijón; South Por-
tugal (SPOR): Sagres; Western Mediterranean (WMED): Cullera;
North Western Mediterranean (NWME): Cap de Creus; Sardinia
(SARD): Sassari; Tunisia (TUNI): Tunis; Sicily (SICI): Isola delle
Femmine. A total of 20 individuals of P. mauritanicus from both
North Western Mediterranean (Catalonia (2), Spain) and Atlantic
waters (Tanger (18), Morocco) were sampled for interspecific com-
parisons and divergence time estimation (Accession Nos.
EU573063–EU573075). The Panulirus argus COI sequence retrieved
from GenBank (Accession No. AF339452.1) was used as an out-
group to assess for evolutionary rate constancy.
One pleopod from each individual was preserved in 100% etha-
nol and total genomic DNA extraction was performed using the
QIAamp DNA Mini Kit (Qiagen Inc.). Amplification of part of the
COI gene was achieved using the universal primers LCO1490 and
HCO2198 (Folmer et al., 1994). Amplification was carried out with
30 ng of genomic DNA in a reaction containing 1 U of Taq polymer-
ase (Amersham), 1 buffer (Amersham), 0.2 lM of each primer and
0.12 mM dNTPs. The PCR thermal profile used was 94 C for 4 min
for initial denaturation, followed by 35 cycles of 94 C for 30 s,
50 C for 30 s, 72 C for 30 s, and a final extension at 72 C for
4 min. Amplified PCR products were purified with QIA-Quick PCR
Purification Kit (Qiagen Inc.) prior to direct sequencing of the prod-
uct. The sequences were obtained using the Big-Dye Ready-Reac-
tion kit v3.1 (Applied Biosystems) on an ABI Prism 3770
automated sequencer from the Scientific and Technical Services
of the University of Barcelona.
2.1. Intraspecific variability
A 499 bp region was aligned using ClustalX with the default
alignment parameters as implemented in BioEdit v7.0.1 (Hall,
1999) and checked manually for misalignments. Nucleotide diver-
sity (p) and haplotype diversity (h) and its variance and standard
deviation were calculated for each population using the software
DnaSP v.4.10 (Rozas et al., 2003). In order to compare haplotype
diversity values, the statistics and asymptotic confidence intervals
derived by Salicrú et al. (1993) were used for both overall diversity
comparison and pairwise comparisons between populations.
2.2. Population genetic differentiation
Genetic differentiation was estimated by measuring GammaST
(cST) (Nei, 1982) and Snn (Hudson, 2000). The significance of the
Snn estimates of genetic differentiation was tested with a permu-
tation (randomization) test using DnaSP. In order to test for isola-
Fig. 1. Frequency of haplotypes shared among Palinurus elephas localities. Acronyms as described in Table 1.
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tion by distance (IBD), a comparison of pairwise genetic distances
between populations (GammaST/(1  GammaST)) and geographi-
cal distances (logkm) was carried out by using the Mantel test
implemented in GENEPOP v3.4 (Raymond and Rousset, 1995). To
visualize the relationship between populations, haplotype fre-




(Balanya et al., 2006), and a principal components analysis (PCA)
was carried out using Gingko Multivariate Analysis System (De
Caceres et al., 2003). The distribution of genetic variance at differ-
ent geographical levels was estimated by an analysis of molecular
variance (AMOVA) using Arlequin v.3.01 (Excoffier et al., 2005).
A haplotype network was constructed using the program TCS
1.2.1 (Clement et al., 2000), which implements the statistical par-
simony algorithm described by Templeton et al. (1992). A nested
clade analysis (NCA) was performed in order to differentiate be-
tween population history events and population structure (Tem-
pleton, 1998). We used the empirical predictions derived from
coalescent theory (Posada and Crandall, 2001) to solve network
ambiguities. Nested clade contingency tests were carried out in
GeoDis v2.5 (Posada et al., 2000). The inference key used is avail-
able at http://darwin.uvigo.es/software/geodis.html. Nested clade
analyses can discriminate between phylogeographical associations
due to recurrent but restricted gene flow vs. historical events oper-
ating at the population level (e.g., range expansion events), thereby
yielding greater insight into both the evolutionary history and pop-
ulation structure of the species.
2.3. Neutrality tests and demographic inferences
Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) were used to
test for deviation from mutation-drift equilibrium for all areas
combined. The McDonald and Kreitman (1991) test was carried
out using P. mauritanicus as outgroup to determine whether devi-
ations are caused by selection acting upon this gene. Both r statis-
tics (Harpending, 1994) and R2 statistics (Ramos-Onsins and Rozas,
2002) were calculated and the mismatch distribution was plotted
considering the number of pairwise differences in order to investi-
gate the possibility of demographic changes. These statistics and
their confidence intervals were obtained by coalescence simula-
tions as implemented in DnaSP.
A relative ratio test implemented in MEGA v3.1 (Kumar et al.,
2004)was performed in order to test for evolutionary rate constancy
along Palinurus lineages. A likelihood ratio test for trees obtained
both enforcing and not enforcing a molecular clock was also carried
out to test for themolecular clock assumption. The substitution rate
used for dating the speciation event and the haplotypes coalescent
time within species (ls = 0.9–1.1% divergence/My) was estimated
for the COI region in different decapods related to the formation of
the Isthm of Panama (reviewed in Ketmaier et al., 2003). Since sub-
stitution rate represents a lower boundary for themutation rate of a
particular lineage, we followed a conservative approach after Emer-
son (2007). Thus, an intraspecific mutation rate 3–10 times faster
than the interspecies substitution rate was used for dating haplo-
type coalescent time in P. elephas and P. mauritanicus. Harpending’s
population expansion model T = s/2u (Harpending, 1994) with an
intraspecific mutation rate 3–10 times faster than the interspecies
substitution rate (Emerson, 2007) was used for obtaining popula-
tion expansion estimates in P. elephas.
3. Results
3.1. Intraspecific variability
A total of 33 haplotypes were detected in the 227 individuals of
P. elephas sequenced. Overall, there were 30 variable sites (6%), of
which only 5 yielded non-synonymous changes (Table 1). The most
abundant haplotype (Hap1) was found in 63% of the individuals se-
quenced. A second haplotype (Hap3) was relatively common,
occurring in 12% of all lobsters sequenced. A total of 12 haplotypes
were shared among localities (Fig. 1). The majority of haplotypes
(63.4%) were private from population, all but one being singletons.
The mean number of haplotypes per population was 6.2 and ran-
ged between 4 and 9. The presence of an extremely abundant hap-
lotype and many low-frequency, closely related haplotypes is
reflected both in the low nucleotide diversity (p = 0.0016) and
fairly high haplotype diversity (h = 0.588) of the overall sample
as well as in each locality (Table 2). Haplotype diversity values
were significantly different among populations according to the
v2 test developed by Salicrú et al. (1993) (v2 = 22.49, P < 0.05). Pair-
wise comparisons between localities showed that Western Scot-
land and Tunisia haplotype diversity values were significantly
higher than those found in most populations (see Appendix). Hap-
lotype diversity (h = 0.905) and nucleotide diversity (p = 0.0045)
values were higher in P. mauritanicus.
3.2. Genetic differentiation
Overall genetic differentiation among localities was significant
according to the Snn statistic (Snn: 0.109, P < 0.05). Significant
pairwise comparisons involved mainly Irish and Tunisian popula-
tions, while comparatively high Snn values involving other popula-
tions were not found significant (Table 3). This could be
consequence of the most frequent haplotype, as well as the pres-
ence of many unique haplotypes, affecting the permutation test re-
sult. Nevertheless, global genetic differentiation was still
significant when the Irish population (Snn: 0.119, P < 0.05), the
Tunisian population (Snn: 0.115, P < 0.05) or both localities were
excluded (Snn: 0.127, P < 0.05). When the pairwise genetic dis-
tances (cST) were correlated to the geographic distances using the
Mantel test, a shallow although significant correlation was de-
tected (R2 = 0.1436; P = 0.027), which indicates a pattern of isola-
tion by distance (Fig. 2). However, when analyzed separately, this
pattern disappeared both in Atlantic (R2 = 0.048; P = 0.228) and
Mediterranean (R2 = 4E05; P = 0.669) populations.
An analysis of molecular variance was carried out to evaluate
the differentiation between the two putative regions (Atlantic
and Mediterranean). Most of the variation (98%) was explained
by the variability within samples (Table 4). This result is in agree-
ment with the fairly high level of haplotype diversity in almost
every population. Nonetheless, differences between regions were
always significant, although P-values changed when SPOR—the
population from South Portugal, which occupies an intermediate
Table 2
Genetic variability in Palinurus elephas
Sampled locality N NH h ± sd p ± sd
WSCO 22 9 0.7489±0.0940 0.0023±0.0005
WIRE 19 6 0.4678±0.1400 0.0013±0.0005
SWEN 18 6 0.5621±0.1340 0.0013±0.0004
BRIT 21 8 0.5667±0.1290 0.0015±0.0005
BISC 15 4 0.5524±0.1370 0.0013±0.0004
SPOR 24 5 0.5399±0.1090 0.0012±0.0003
WMED 26 6 0.6031±0.0990 0.0017±0.0004
NWME 24 4 0.3696±0.1170 0.0008±0.0003
SARD 19 7 0.6608±0.1140 0.0018±0.0004
TUNI 20 9 0.8421±0.0610 0.0030±0.0005
SICI 19 4 0.5088±0.1170 0.0015±0.0005
Total 227 33 0.5880±0.0380 0.0016±0.0001
Note: Number of specimens (N), number of observed haplotypes (NH), haplotype
diversity (h), nucleotide diversity (p) and standard deviation (sd). Locality acronyms
as in Table 1.
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position between all other samples—was included in the Atlantic
region or in the Mediterranean region. The highest percentage of
variance explained by differences between the Atlantic and Medi-
terranean regions (1.63% of total variance) was found when SPOR
was excluded from the analysis (P = 0.036). Moreover, differences
between localities within regions were only significant when SPOR
was included in the Mediterranean region.
To further investigate genetic differentiation among popula-
tions a principal component analysis was carried out using haplo-
type frequency data of shared alleles. The first principal component
(%Var = 27.64) was significantly correlated to haplotype diversity
in each population (R2 = 0.624; P < 0.01). Thus, in order to reveal
the relationships between populations without considering haplo-
type diversity, we plotted the values of second (%Var = 25.99) and
third (%Var = 12.16) principal components (Fig. 3). Mediterranean
and Atlantic localities showed a different behavior with respect
to these two components so that four groups could be identified.
The two northernmost Atlantic localities (Western Scotland and
Western Ireland) were clearly differentiated from the rest because
they presented negative PC2 values. Negative PC3 values were
found in three Atlantic localities (South Western England, Brittany
and Bay of Biscay). The two western Mediterranean localities
exhibited the largest PC3 values. Finally, the other four localities
(South Portugal, Tunisia, Sicily and Sardinia) showed intermediate
PC3 values.
The haplotype network constructed by statistical parsimony
showed a star-like phylogeny in which most of the unique haplo-
types were closely related to the common central haplotype
(Fig. 4). This haplotype network is typical of species which have
suffered a bottleneck and a subsequent expansion. Three loops
were found in the haplotype network (dashed lines in Fig. 4) and
the frequency and shared location criteria were followed to solve
the ambiguities, since all the connections were transitional
changes. The first loop was broken by connection (A), since haplo-
types IX and XV were found in different localities and this breakage
allowed them to remain connected to the most frequent haplotype
found in the same location. The second and the third loops were
Table 3
Pairwise genetic distances between Palinurus elephas localities
WSCO WIRE SWEN BRIT BISC SPOR WMED NWME SARD TUNI SICI
WSCO 0.033 0.025 0.035 0.029 0.033 0.029 0.030 0.038 0.026 0.033
WIRE 0.531 0.033 0.022 0.045 0.040 0.047 0.036 0.050 0.070 0.068
SWEN 0.501 0.516 0.023 0.022 0.020 0.025 0.034 0.024 0.036 0.028
BRIT 0.555 0.474 0.478 0.032 0.024 0.032 0.026 0.029 0.056 0.047
BISC 0.530 0.564* 0.471 0.521 0.017 0.028 0.047 0.028 0.037 0.030
SPOR 0.547 0.533 0.510 0.510 0.513 0.017 0.036 0.012 0.041 0.021
WMED 0.563 0.577* 0.525 0.526 0.568 0.498 0.058 0.017 0.026 0.013
NWME 0.565* 0.527 0.523 0.490 0.575 0.521 0.475 0.045 0.052 0.056
SARD 0.523 0.545 0.476 0.461 0.505 0.472 0.495 0.522 0.034 0.016
TUNI 0.519 0.623* 0.487 0.563* 0.525 0.532 0.549 0.598* 0.496 0.021
SICI 0.523 0.555* 0.469 0.510 0.502 0.545 0.504 0.546 0.472 0.479
GammaST: upper diagonal; Snn: lower diagonal.
Asterisks indicate significant Snn differentiation assessed by a permutation test (P < 0.05). Locality acronyms as in Table 1.
Fig. 2. Correlation in Palinurus elephas populations between genetic and geographic distances. Symbols indicate comparison between (h) Mediterranean populations, (j)
Atlantic populations, (d) Mediterranean and Atlantic populations, (N) South Portugal and Atlantic populations, and (D) South Portugal and Mediterranean populations.
Table 4
Hierarchical analysis of molecular variance for Palinurus elephas









Within localities 86.178 97.82 0.034




Within localities 78.783 97.50 0.031




Within localities 89.109 97.74 0.036
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opened through connections B and C, respectively, also following
the frequency and shared population criteria. Permutation analysis
gave significant results for clade 1-1 and clade 2-1 (Appendix). For
both clades Templeton’s inference key revealed the existence of re-
stricted gene flow/dispersal but with some long distance dispersal.
3.3. Neutrality tests and demographic inferences
Both Tajima’s D test (Tajima’s D: 2.34, P < 0.01), and Fu’s Fs
test (Fu’s Fs: 4.81, P < 0.001) indicated a significant deviation
from neutrality. This deviation could be explained by either selec-
tion or demographic factors and can be related to the presence of a
large number of unique haplotypes. Using P. mauritanicus as out-
group, the McDonald and Kreitman test showed non-significant
differences in the proportion of synonymous and non-synonymous
changes within and between species (G: 1.04; P = 0.308). Even
though the value of the raggedness statistic was not significant
(r = 0.078; P = 0.097), the R2, which is a more powerful test for
detecting population growth (Ramos-Onsins and Rozas, 2002),
was significant (R2 = 0.014; P = 0.015) and suggested the occur-
Fig. 3. Principal components plot for Palinurus elephas populations. PC1 is strongly correlated to haplotype diversity thus PC2 and PC3 are only plotted. Acronyms as described
in Table 1.
Fig. 4. Statistical parsimony haplotype network for Palinurus elephas. Dashed lines in the network indicate connections broken in order to solve network ambiguities (see text
for details). See Table 1 for abbreviations.
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rence of a population expansion. The same results were obtained
when Atlantic and Mediterranean localities were analyzed
separately.
The molecular clock assumption fits well the species group un-
der study, since the likelihood ratio test for the tree topologies ob-
tained with and without enforcing a molecular clock assumption
showed no significant differences (v2 = 1.88, P > 0.05). The relative
ratio test using Panulirus argus as outgroup showed that the substi-
tution rate has remained constant for the Palinurus species ana-
lyzed (P > 0.05). Consequently, an approximate dating of the
speciation processes was carried out, since no significant difference
in branch-length was found between the Palinurus species and the
outgroup. Using the substitution rate for the COI gene established
in several decapod crustaceans (l = 0.9–1.1% divergence/My; Ket-
maier et al., 2003), we dated the divergence of Palinurus mauritani-
cus from P. elephas around 5.52–6.75 My ago. If the same
substitution rate is used for dating the time to the most recent
common ancestor within each species, we find a coalescence time
of approximately 266,000–355,000 years ago for the P. elephas
haplotypes and approximately 477,000–583,000 years ago for the
P. mauritanicus haplotypes (Fig. 5). However, the intraspecific
mutation rate could be considered 3–10 times faster than the
interspecies substitution rate (Emerson, 2007). Using this approach
the coalescence time was approximately 26,000–118,000 years ago
for the P. elephas haplotypes and 48,000–194,000 years ago for the
P. mauritanicus haplotypes (Fig. 5). The mismatch distribution indi-
cated that the observed differences in P. elephas followed the distri-
bution of expected differences under an expanding population
model (s = 0.807). Using the intraspecific mutation rate the timing
of the population expansion for P. elephas would be within a range
of 8000–48,000 years ago. Mismatch distribution in P. mauritanicus
did not follow an expanding population model.
4. Discussion
4.1. Genetic differentiation among populations
Even though the presence of one abundant haplotype all over
the distribution area of the species indicated a high degree of ge-
netic homogeneity among populations, the analysis of the shared
haplotype frequency data revealed the existence of geographic
population structuring. The significant genetic differentiation
found between the Atlantic and Mediterranean regions could be
explained by restricted gene flow among populations, in agree-
ment with the nested clade analysis results. While the Mantel test
including all the sampled localities showed a pattern of isolation
by distance (IBD), the analysis of Mediterranean and Atlantic local-
ities separately failed to detect it, indicating that this pattern might
be spurious and result from restricted gene flow through the
Gibraltar Strait. These results point out to a possible reduction in
the dispersal capability of the phyllosoma as compared to expected
dispersal levels given its long planktonic duration (Mercer, 1973;
Marin, 1985). This reduction could be related to the dynamics of
mesoscale oceanic processes or to the possible phylopatry of juve-
niles, which might have a behavioral compensation effect on the
overall dispersal (Naylor, 2005, 2006).
Interestingly, the principal components analysis suggests the
existence of four groups of samples in P. elephas. The two northern-
most Atlantic localities form the most differentiated group. The
existence of genetic differentiation between Brittany and Ire-
land–Scotland samples has also been found in the fish Pomatoschi-
stus microps and the brown alga Fucus serratus (Gysels et al., 2004;
Hoarau et al., 2007) and could be accounted for by the large effect
of the Gulf Stream hitting the European subcontinent at approxi-
mately the south of Ireland (Bower et al., 2002; Jakobsen et al,
2003). The Gulf Stream splits into a northern current and a south-
western current towards Britain and continental Europe south of
Britain in a way that its influence could reduce gene flow between
these areas and therefore promote genetic differentiation. Accord-
ingly, a second group was formed by the Atlantic populations
found in the western Channel and the Bay of Biscay area, which
are influenced by the southern branch of the Gulf Stream split.
The south Portugal sample grouped with those Mediterranean
populations (Sardinia, Tunisia and Sicily) that receive a stronger
influence of Atlantic waters (Millot, 2005). The surface incoming
Atlantic water enters the Mediterranean through the Gibraltar
Strait and, after crossing the Alboran Sea while forming two large
mesoscale anticyclonic gyres, heads towards the northern shores
of Africa, forming the Almeria–Oran front, and then eastwards to-
wards the Sicily Channel which separates the western from the
eastern Mediterranean basins. Some eddies often detach north-
wards towards Sardinia and the Balearic Islands (Millot, 2005).
Fig. 5. Haplotype cladogram in the Palinurus species of the Northern Hemisphere: P. elephas and P. mauritanicus. Different dates for haplotype coalescence time are obtained
when using the substitution rate for decapod crustaceans (Ketmaier et al., 2003), and a more conservative approach using a 3–10 times faster mutation rate (Emerson, 2007).
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The two most differentiated P. elephas populations sampled within
the Mediterranean are those located in the northwestern basin,
which are precisely the areas under the farthest influence from
the incoming Atlantic water and constitute the most differentiated
Mediterranean waters (Salat, 1996). In this area, the occurrence of
the Northern and Balearic Currents forms a mesoscale cyclonic
gyre, which may favor larval retention. Our results indicate that
even though population structuring in a marine species with Atlan-
tic–Mediterranean distribution may be influenced by the Almeria–
Oran Front (Bargelloni et al., 2005), mesoscale processes suffered
by the incoming Atlantic waters could be responsible for further
genetic differentiation within the Mediterranean.
4.2. Intraspecific variability, demographic changes and divergence
Historical processes may influence the resolution of genetic
markers to study population differentiation, since reductions on
population size or selective sweeps would be responsible of a
reduction on the overall genetic variability. A fairly high haplotype
diversity was observed in P. elephas samples, with the presence of
one abundant haplotype and a large number of closely related
haplotypes. These results are consistent with those found in other
studies of palinurid lobsters using mtDNA control region (Diniz
et al., 2005; Tolley et al., 2005; Gopal et al., 2006). However, it
should be pointed out that one previous study with both P. elephas
and P. mauritanicus failed to detect variability in the COI gene (Can-
nas et al., 2006), while a more recent paper found intraspecific var-
iability in both species (Groeneveld et al., 2007), in agreement with
our results. Therefore, we can conclude that there is an overall ten-
dency for this group of crustaceans to present high levels of haplo-
type diversity with most haplotypes being closely related. A
genetic bottleneck caused by either selection or demography
would reduce the effective population size and cause the present
day haplotypes coalesce at a recent time. Since the COI region
seems to have evolved neutrally in both P. elephas and P. maurita-
nicus, this pattern could indicate that demographic fluctuations
have been responsible for shaping their genetic variation and caus-
ing the current shallow intraspecific phylogenies (Harpending,
1994). However, given that mtDNA acts as a single locus, selection
acting elsewhere on the mtDNA molecule would exactly mimic a
demographic bottleneck; thus, nuclear genes should be used to
completely discard the hypothesis of selection (Bazin et al.,
2006). Nonetheless, the distribution of the number of pairwise dif-
ferences and the shallow pattern of mtDNA found in the present
work seems a general trend present in species belonging to diverse
taxonomic groups (Domingues et al., 2005; Jolly et al., 2006). Such
a pattern can be related to environmental changes that have dra-
matic effects over a wide area such as glacial periods, which can
cause sea level declines of more than 100 m (Lambeck et al.,
2002). The impact of glacial periods on demographic fluctuations
has been remarked in different species (Bargelloni et al., 2005;
Domingues et al., 2005). If the mutation rate is assumed to be equal
to the substitution rate, the date of coalescence for P. elephas hapl-
otypes—approximately 266,000–355,000 years ago—indicates that
this pattern of genetic variation could be related to the climatic
changes of the Mindel glacial period (230–300 ky ago) (Fig 5).
Accordingly, the dates of mtDNA coalescence obtained for P. mau-
ritanicuswould be approximately 477,000–583,000 years ago, indi-
cating the possible influence of the Günz glaciation (620–680 ky
ago).
However, there has been recently much debate about intra-
specific mutation rates being much higher than interspecific sub-
stitution rates (Ho et al., 2005). Taking these observations into
account and using a mutation rate 3–10 times faster than the
substitution rate (Emerson, 2007), the coalescence time for P.
elephas haplotypes was much more recent and could be related
to the last glacial maximum (LGM) (Fig 5). Nevertheless, using
this faster rate, P. mauritanicus haplotypes would still coalesce
at an older age than P. elephas haplotypes, indicating a smaller
effect of the last glacial event compared to P. elephas. Previous
studies had emphasized the role of glaciations in causing a larger
depletion in levels of genetic variation among high intertidal
species, where exposure times to cold stress were longer than
for species living lower on the shore (Marko, 2004). Since P.
mauritanicus is generally found in deeper waters than P. elephas
(Holthuis, 1991), sea level or temperature changes could have af-
fected P. mauritanicus populations to a lesser extent. A cold tem-
perature refuge can be found in deeper waters during warm
periods (Graham et al., 2007), whereas a warm refuge in cold
periods would be only found by heading latitudinally south,
and remaining in shallow waters. These processes would cause
population bottlenecks that would imply a decrease in genetic
diversity as found in P. elephas and a smaller effect in colder
water species, as in P. mauritanicus. Additionally, glaciations
could have a differential impact on population effective sizes
reducing or shifting differentially the overall distribution areas
of the two species. In this way, a larger distribution area during
glaciations could have allowed P. mauritanicus to retain larger
populations as compared to P. elephas and thus promote the
maintenance of more ancestral polymorphisms.
The time of divergence between Palinurus elephas and P. mau-
ritanicus lineages (5.52–6.75 My) is much older than the coales-
cence time of haplotypes for any of the two species. This time of
speciation could be related to the Messinian Salinity Crisis
(MSC), which caused the desiccation of the Mediterranean and
the resulting change in ocean currents between 5.96 and 5.33
million years ago (Duggen et al., 2003). There is an increasing
body of evidence that indicates that the MSC could be related
to speciation processes in marine taxa (e.g., Huyse et al., 2004;
Carreras-Carbonell et al., 2005). The oceanographic processes
and changes in oceanic currents that occurred after the MSC
could have caused an allopatric speciation event in Palinurus
since phyllosoma larvae could have been retained in separated
oceanic systems (Pollock, 1990). Nevertheless, it is worth noting
that a recent analysis of phylogenetic relationships within the
genus Palinurus, including both COI and 16S rDNA sequences,
points out to a much older divergence time between the Palinu-
rus elephas and P. mauritanicus lineages (Groeneveld et al., 2007).
These authors suggest that both species were separated during
the Miocene (11.2–23 My), when the African plate moved north
closing the Tethys Seaway in the east. Consequently, they ob-
tained a very slow substitution rate. These discrepancies, there-
fore, recommend a further revision of the divergence time
among palinurid species.
In conclusion, the present study shows that present oceano-
graphic processes and paleoecological history (e.g., glaciations)
have a role in shaping the genetic variability and population struc-
ture of the European spiny lobster Palinurus elephas. The variability
and distribution of the number of pairwise differences in P. elephas
haplotypes points to either demographic changes or a strong selec-
tive sweep related to glacial periods. Despite a reduction on the
overall genetic variability and its long planktonic larval duration,
restricted gene flow was found between P. elephas populations,
causing genetic differentiation between Atlantic and Mediterra-
nean regions and between different areas within each basin. The
European spiny lobster example indicates that mesoscale circula-
tion patterns can be responsible of genetic differentiation within
marine regions, highlights the influence of historical processes in
shaping genetic variation and points to the necessity of covering
most of the distribution area of marine species when trying to de-
fine the existence of genetic differentiation and possible restric-
tions to dispersal.
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It is widely recognised that population structuring is mainly determined by 
population connectivity, which directly depends on the dispersal ability of the species. 
Consequently, low population structuring is expected in the European spiny lobster, 
given the enhanced connectivity levels caused by the phyllosoma, a larval phase specially 
adapted for long time dispersal. Indeed, the present study shows that very weak global 
population differentiation is found in Palinurus elephas (Fst = 0.0083). Nevertheless, 
Atlantic and Mediterranean basins showed significant differences, indicating that some 
genetic structure could be present. Moreover, the present study shows that even though 
over-fishing has reduced catches dramatically all over its distribution area, historical 
effective population size of P.elephas seems to have remained considerably large (Ne = 
13,000-47,000). Most importantly, this large effective population size would cause Fst 
values to be extremely small even for populations with restricted levels of dispersal. Our 
results illustrate the importance of considering historical demography and life history 
parameters when evaluating connectivity patterns in marine organisms and studying the 


































One of the most puzzling questions in marine molecular ecology is the cause behind 
population structuring patterns in marine organisms. It is widely recognised that 
population structuring is mainly determined by population connectivity, which directly 
depends on the dispersal ability of the species (Palumbi 2003; Shanks et al. 2003). 
However, direct studies of dispersal in marine organisms are generally scarce due to the 
nature of the environment occupied (Avise 1998). Definitive estimates of larval dispersal 
in the ocean require the ability to track microscopic propagules through the pelagic 
environment, from spawning locations to recruitment sites. Since this is not feasible for 
all species (but see Moran & Marko 2005), exceptional opportunities are afforded for 
genetic data to close gaps in knowledge concerning organismal behaviours, natural 
histories and current and past population demographic factors (Avise 2004). Genetic 
surveys of marine species can provide an average picture of dispersal patterns by 
examining long-term mean population connectivities and therefore contribute to improve 
our understanding of marine population dynamics (Palumbi 2003). For example, 
planktonic larval duration (PLD) is known to be a key factor in shaping patterns of 
dispersal and degree of connectivity between populations of marine species (Thorson 
1950; Scheltema 1986). Species with a longer PLD should exhibit extensive gene-flow 
(panmixia) and, therefore, low or no population structuring. However, even though long 
PLD should enhance connectivity among demes, larval behaviour coupled with 
oceanographic structures at different scales may be conducive to larval retention (Naylor 
2006; Galarza et al. 2008). 
 
Moreover, not only life history traits but also human impact could affect population 
genetics in marine species. High levels of exploitation may not only affect the census size 
(N) of target species, but also its genetic constitution and population connectivity (Tufto 
& Hindar 2003). The depletion of linking populations, which enhances isolation between 
demes, would also cause a reduction in overall genetic diversity and population effective 
size (Ne) (Whitlock & Barton 1997). This reduction would have a larger effect in marine 
species, in which a very high variance in reproductive success generally causes extremely 
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-5 in marine organisms, imply that even stocks of several million individuals may be 
in danger of losing genetic variability in the long term, since they would actually 
represent much smaller effective population sizes (Hauser et al. 2002; Turner et al. 2002). 
Therefore, defining the real effect of larval dispersal on population connectivity patterns 
has direct implications on the management of exploited marine resources. Marine 
reserves must be able to sustain the populations of organisms within the reserve while 
serving as a reseeding source for populations outside the reserve (DeMartini 1993; 
Jennings 2000). A population that exports most of its larval production but is dependent 
on overexploited stocks will be finally exhausted. Given that population effective size 
and population connectivity are tightly intertwined and highly dependent on the biology 
of the organism (Rice 2004), efficient management and conservation strategies should 
integrate information on the biology, genetic diversity and population differentiation of 
the protected species. 
 
Spiny lobsters (Palinuridae Latreille, 1802) are one of the most commercially 
important groups of decapod crustaceans and are characterized by the presence of the 
phyllosoma, a larval phase specially adapted for long time dispersal (Holthuis 1991). The 
main palinurid species exploited in the Mediterranean Sea and along North eastern 
Atlantic coasts is the European spiny lobster (Palinurus elephas) (Ceccaldi & Latrouite 
1994). P. elephas is a long-lived decapod crustacean that has a lifespan of up to 25 years 
and attains functional reproductive maturity at 5 years age (Marin 1987). The adult spiny 
lobsters are sedentary, with observed mean annual displacement of generally less than 5 
km (Follesa et al. 2007), but estimates of the duration of larval development are among 
the longest for a marine species, being in the range of 5-6 months in the Mediterranean 
and one year in the Atlantic (Hunter 1999; Palero & Abelló 2007). Assuming a mean 
velocity for marine currents of 10cm/s, which would be in the low end for the 
Mediterranean Sea (Rio et al. 2007), such a long planktonic life would correspond to a 
potential dispersal distance of 1,300-2,500km. Stock over-exploitation has made mean 
annual catches of P. elephas to decrease alarmingly along its entire distribution area 

































virtually eliminated the species from shallow water during the 1960s (Hepper 1977) and a 
substantial decline (>50%) of lobsters in transect counts has been recorded over the last 
10 years within the Medes Islands in the Western Mediterranean (Marí et al. 2002).  In 
order to protect this valuable resource from complete depletion, several marine reserves 
have been recently designed in Mediterranean waters (Columbretes Islands, Goñi et al. 
2006; Sardinia, Follesa et al. 2008). 
 
In spite of its relevance in marine reserve design, little is known about the genetic 
structure and connectivity of European spiny lobster populations across their distribution. 
Given the large dispersal potential of the phyllosoma, a plausible hypothesis would be 
that no population structuring is present in P. elephas and that all established marine 
reserves are interconnected. However, regardless its long PLD, several oceanographic 
barriers found within the distribution area of the European spiny lobster could reduce 
larval dispersal. One of them, the Almeria-Oran Front (AOF), formed by the encounter of 
the incoming Atlantic surface water with the modified higher density Mediterranean 
water (Tintoré et al. 1995) has been found to be responsible of some degree of genetic 
differentiation in most species, but with some exceptions (Patarnello et al. 2007). A 
previous study using the mtDNA COI region, found shallow genetic partitioning for 
Palinurus elephas along its distribution area, probably caused by the Almeria-Oran Front, 
but also related to mesoscale processes within the Mediterranean (Palero et al. 2008a). 
The Mediterranean Sea has a highly complex system of water mass circulation, mainly 
influenced by the Algerian Current (western basin) and Libyo-Egyptian Current (eastern 
basin), which generate anticyclonic eddies and gyres (Millot 2005). Furthermore, several 
biogeographical boundaries have been observed along the northeastern Atlantic (i.e. ca. 
40ºN-50ºN, separating North Atlantic current and subtropical gyre, Gulf Stream) which 
tend to occur in association with major oceanographic gyres and main currents 
(Longhurst et al. 1995; Macpherson 2003). The role of these boundaries in the population 
structure of marine species is still unknown, although Palero et al. (2008a) observed a 
certain genetic differentiation between populations from Brittany and Ireland-Scotland 












In order to study the variability and genetic differentiation found in exploited 
populations of the European spiny lobster, a total of 331 Palinurus elephas individuals 
from 10 different localities were analysed using 13 microsatellite markers. This sampling 
scheme, from Scotland to Greece and covering most of the present distribution of the 
species, will allow us to assess the genetic population structure between and within 
Atlantic and Mediterranean basins and to infer the effect of different oceanographic 
barriers. Furthermore, we also aim to analyse whether the present genetic variability and 
population structure of P. elephas is influenced by current and/or historical factors and 
describe the historical demography of the species.  
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Tissue samples of P. elephas individuals (n = 331) were obtained from several 
localities covering most of the present distribution of the species (Table 1, Fig. 1). The 
sampled area included 10 different localities (Fig. 1): Western Scotland (WSCO): Oban; 
Western Ireland (WIRE): Galway; Brittany (BRIT): Le Conquet; Bay of Biscay (BISC): 
Gijón; South Portugal (SPOR): Sagres; Western Mediterranean (WMED): Cullera; North 
Western Mediterranean (NWME): Cap de Creus; Tunisia (TUNI): Tunis; Sicily (SICI): 
Isola delle Femmine; Greece (GREC), Dia Island. DNA extraction and Multiplex PCR 
amplification were carried out under conditions described in Palero and Pascual (2008). 
The same set of 13 polymorphic microsatellite loci as in Palero et al. (2008b) was used.  
Amplified products were scored using an ABI 3770 automatic sequencer from the 
Scientific and Technical Services of the University of Barcelona. Alleles were sized by 
PeakScanner™ software, with an internal size marker CST Rox 70–500 (BioVentures 
Inc.). 
 
We employed CONVERT 1.2 to transform the excel-based dataset into different 
formats to be run by other population genetic programs (Glaubitz 2004). Mean number of 
alleles per locus, and observed (HO) and expected (HE) heterozygosities for each 
population were estimated with Microsatellite Toolkit v3.1 (Park 2001). Fis estimates 
according to Robertson and Hill (1984) and exact tests for conformity to Hardy-Weinberg 
expectations were obtained using the GENEPOP package version 4.0.7 (Rousset 2008). 
Where multiple tests were involved, significance levels were adjusted according to the 
sequential Bonferroni procedure. FreeNA was used for estimating null allele frequency at 
different loci and population differentiation taking null alleles into account (ENA method 
for estimating FST values; Chapuis & Estoup 2007). Given that the most suitable means 
of quantifying microsatellite allele frequency differentiation between samples is still a 
matter of argument, depending upon the mutational model adopted, we follow O'Connell 
& Wright (1997) recommended conservative approach of conventional F-statistics. 
Therefore, pairwise FST values obtained with FreeNA were used to determine the degree 
of population subdivision among different populations. Moreover, the patterns of spatial 
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genetic structure described as isolation-by-distance (IBD) models (Wright 1943) were 

































ST/(1−FST) and the matrix of the natural logarithm of geographic distance as 
implemented in GENEPOP v4.0.7 (Rousset 2008). The distribution of genetic variance at 
different geographical levels was estimated by analyses of molecular variance (AMOVA) 
using Arlequin v.3.11 (Excoffier et al. 2005). We also ran the Bayesian clustering method 
of STRUCTURE 2.2 (Pritchard et al. 2000), by assuming admixture, correlated allele 
frequencies between K groups, and no prior information on sample location for 
individuals. Models were run at K=1-10, and replicated 20 times at each K to confirm 
consistency of log-likelihood probabilities (Pritchard et al. 2000). 
 
Finally, in order to carry out a multivariate analysis, an allele counting table was 
built and the empty cells with missing data were filled with the kth nearest neighbor 
algorithm implemented by the knn() function in the EMV package under R (Troyanskaya 
et al. 2001). For each individual with a missing value for a particular characteristic 
(locus), the method works by finding k individuals that have been scored for that 
characteristic and that have the smallest Euclidean distance from the target individual as 
measured from the other characters. The missing character value is then replaced by the 
weighted average of the values in the set of k individuals, where the weights are inversely 
proportional to the Euclidean distance. In the analysis here, we chose k = 3. In this way, 
we use 98% of the data at the cost of some approximation, whereas if we excluded the 
individuals that had missing data, a larger proportion would be lost. Ordinations on the 
microsatellite loci were performed with non-metric multidimensional scaling 
implemented in isoMDS from the MASS library in the R statistical package. Euclidean 
distances were used. This method avoids clustering of similar samples into groups as in 
tree building methods, but instead computes co-ordinates for each sample such that the 
distances between points fit as closely as possible to the measured distances between the 
respective samples. A script for building an allele counting table and calling EMV and 




Understanding the effects of population bottlenecks on genetic variation has 
become increasingly important in population genetics, speciation theory, and 
conservation biology (Cornuet & Luikart 1997). In order to test for genetic evidence of 
population expansion and contraction, we carried out an empirical analysis of 
microsatellite variation using a hierarchical bayesian model. We consider the 
demographic history of a population that increases or decreases exponentially from an 
initial size N1 to the current size N0, over a time interval x (Beaumont 1999). The loci 
are assumed to be evolving according to a strict single-step mutation model, with 
mutation rate μ. Allelic frequencies are used to infer the model parameters = {N0, N1, x, 
μ}. Using a Bayesian approach the posterior probability density of the parameters is 
estimated given a prior density and the data. Parameters for each locus were assumed to 
be drawn from log-normal distributions. Prior distributions for the means were assumed 
































N0 = αN1 = αx = 105 and αμ = 10-3.5, and 
SDs σN0 = σN1 = σx = 2 and σμ = 0.25. Priors for the SDs were taken to be normal 
distributions truncated at zero with means βN0 = βN1 = βx = βμ = 0, and SDs τN0 = τN1 = τx = 
0.2 and τμ = 0.5. To make coalescent modelling easier, population size in the 
demographic models is expressed in units of N0 generations with v(t) = N(t)/N0. In 
addition, we define r = N0/N1 and tf = ta/N0 (number of generations over which the 
population has been changing in size scaled by current population size). The hierarchical 
modelling approach used allows the posterior distribution of the mutation rate and the 
demographic parameters to vary among loci. Allowing inter-locus variation in 
demographic parameters (N0, N1, x, μ) makes our analysis more robust, and it enables us 
to detect aberrant loci that could potentially bias the results. In a model where the 
parameters are not allowed to vary, aberrant loci will have a strong effect because the 
likelihoods for individual loci are multiplied together. In contrast, in a hierarchical model 
the likelihoods are combined in a more additive fashion (Storz & Beaumont 2002).  
 
To achieve reliable convergence in a reasonable amount of time, a random subset of 
100 chromosomes from the whole dataset was taken. The chain was run for 2x109 steps, 
recording parameter values every 105 steps to give 20,000 draws from the posterior 




















The output was checked for convergence using the Gelman-Rubin statistic calculated in 
CODA (Best et al. 1995), as implemented in R (http://www.r-project.org/). We examined 
plots of the value of the Gelman-Rubin statistic against iteration number to check that it 
was reliably converging toward its final value as recommended by Brooks & Gelman 
(1998). In addition, posterior densities from individual runs were examined to check for 
overall consistency in shape. The last half of each run was then combined to produce an 
overall set of 50,000 points. Density estimation was carried out using the program Locfit, 
implemented in R. This was used to estimate modes and highest probability density 
(HPD) limits. The HPD limits specify points of equal probability density enclosing a 
region (or possibly disjoint regions in multimodal data) with probability equal to some 
specified value. The strength of evidence of population growth versus population decline 
was assessed using Bayes factors as described in Beaumont (1999). Bayes factors greater 
than exp(2) are generally considered significant. The ratio of posterior probabilities can 
be estimated from the simulated chain by counting the proportion of iterations in which 
the population has expanded and then dividing this by the proportion of iterations in 
which it has contracted. Although extreme ratios vary among replicate chains due to 
sampling effects, ratios of 10 or less are generally similar among replicate chains for 



















Allele number per population varied from 9.8 to 14.4, with a mean value of 11.6 
(Table 1). The amount of genetic variability was homogeneous among spiny lobster 
population samples as indicated by the low standard deviations associated to the 
estimated mean observed (HO = 0.598 ± 0.025) and expected (HE = 0.779 ± 0.053) 
heterozygosities. Three loci presented particularly high Fis values (PE22 = 0.552, PE53 = 
0.459 and PE44 = 0.260). Mean Fis value was 0.173 and dropped to 0.098 after 
excluding the three loci with higher values. This result may be due to the presence of null 
alleles in these loci as indicated by the FreeNA analyses. However, population 
differentiation estimates did not vary significantly when using the raw dataset (Fst = 
0.0093) or when correcting for the presence of null alleles (Fst = 0.0083), which indicates 
that little population structuring is present within Palinurus elephas. Significant Fst 
values were found in comparisons between NWME with BRIT, BISC and TUNI, 
between SPOR with WIRE, BRIT, BISC and WMED, and between GREC and any 
population but NWME (Table 2). The mean pairwise Fst value for comparisons including 
GREC (Fst = 0.012 + 0.004) was 2 times larger than the mean pairwise Fst value for 
comparisons not including GREC (Fst = 0.006 
268 
+ 0.005). Mean Fst value obtained for 
pairwise comparisons within basins (0.006 
269 
+ 0.005) was slightly lower than mean Fst 
value obtained for pairwise comparisons among basins (0.009 
270 
+ 0.005). Interestingly, 
population structuring within the Mediterranean (Mediterranean = 0.006 
271 
+ 0.004) was 




+ 0.003). When the correlation of pairwise genetic distances (FST) to geographic 
distances was analyzed using the Mantel test, a shallow although significant correlation 
was detected (R2 = 0.109; P = 0.029), which indicates a pattern of isolation by distance 
(Fig. 2). However, this pattern was caused mainly by the GREC population, since the 
trend was not significant after excluding it from the analysis (R2 = 0.011; P = 0.181) 











A Global Analysis of Molecular Variance as a weighted average over loci was 
carried out to compare the Atlantic and Mediterranean populations and the effect of 
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several proposed barriers (Table 3). The partitioning of the genetic variance among 
Atlantic and Mediterranean basins showed most of the variability to be explained by 
genetic variation within individuals (76.48%) and among individuals within populations 
(22.42%). Nevertheless, the amount of genetic variation explained by differences among 
populations within groups (0.70%) was not significant and smaller than the amount of 
genetic variation explained by differences among groups (0.40%). Thus, even though the 
percentage of the variability explained by differences between Atlantic and 
Mediterranean basins was less than 1%, the differences were statistically significant. 
Similar results were obtained when the GREC population was excluded from the analysis 
(Table 3). Neither the Gulf Stream nor the Eastern-Western Mediterranean discontinuities 
provide significant AMOVA results. These results could be explained by a sample size 
effect, since AMOVA analyses were not able to find a statistically significant effect of 
the Almeria-Oran Front (AOF) when a smaller sample size was used (Table 3). The MDS 
using the individual matrix did not show any visible structure on the data, with 
individuals from both basins mixing together (supplementary data, S1). The Bayesian 
clustering method of STRUCTURE 2.2 was not able to detect any population structure 
for this dataset either, since the most likely scenario obtained was that of a single 



































Even though there is some indication of population expansion, our results show 
fairly constant historical population sizes in P. elephas. The Gelman-Rubin convergence 
statistics for the four demographic and mutational parameters were (upper 97.5% quantile 
is given in parentheses) N0: 1.03 (1.08); N1: 1.00 (1.01); μ: 1.00 (1.00); and Tf: 1.03 
(1.08). The posterior distribution of N0 and N1 for the P. elephas dataset is shown in 
Figure 3A. The first and third quartiles obtained from the combined runs dataset indicate 
that current population sizes would range from 104.11-104.67, while ancestral population 
sizes would range from 103.03-104.38. The posterior distribution of the mean mutation rate 
μ, had a mean of -3.52 (SD = 0.24) and was therefore very similar to the prior. This was 
not surprising given the broad priors on N0 and N1, and it should be emphasized that the 
results presented here on population sizes (but not their ratios) and times of events are 
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highly dependent on the priors set for μ (Beaumont 1999). In addition, we defined r = 
N0/N1. If r < 1, the population has declined; if r = 1, the population has remained stable; 
and if r > 1, the population has expanded. Our results agree with having fairly constant 
population sizes in Palinurus elephas with a slight population expansion, since the r 
values ranged from -2 to 4 and were centered at about 0.5 (Fig. 3B). The Bayes factor for 
growth versus decline was 3.957 (< 7.389), which cannot be considered significant, and 
the posterior probability of growth was 0.79. There is little information on the time scale 
of population change in this species, given that a constant population size would be the 
most likely scenario. When the posterior distributions of the time since the populations 
started to change in size was plotted, a double-peak pattern was obtained (data not 
shown). The presence of two peaks results from a limited amount of information on the 
microsatellite dataset about population changes occurring in a very recent time frame or 
extremely long time scales (Beaumont 1999; see Discussion). Mean coalescence time (on 














+ 0.88, which would correspond to a range of 




































The biological characteristics of the spiny lobsters, like their high larval dispersal 
capacities, together with the apparent lack of physical barriers to gene flow in the sea 
make the study of population genetic variation of these crustaceans particularly 
interesting. The amount of variability found in P. elephas microsatellite markers, gene 
diversity measures and Fis values are similar to those found using microsatellites in other 
marine decapods (Robainas et al. 2002; Urbani et al. 1998; Yap et al. 2002), and 
observed heterozygosity values (HO = 0.598 ± 0.03) are consistent with the mean 
haplotype diversity values observed using the COI mtDNA region (Hd = 0.588 ± 0.03) 
(Palero et al. 2008a). As for the population structure pattern, the microsatellite data points 
to the existence of a single evolutionary unit with very weak genetic structuring. The lack 
of population subdivision as indicated by the populations pairwise comparison (Fst = 
0.0083) also agrees with the results inferred using mtDNA markers (Fst = 0.014) (Palero 
et al. 2008a). It is worth noting that FST values for mtDNA are expected to be higher than 
autosomal values (Withlock & McCauley 1999). The four-fold greater effective 
population size of autosomal loci compared to mtDNA virtually ensures that FST values 
based on the latter will be substantially greater than values based on the former, and in 
fact this is nearly always observed in population studies (but see González & Zardoya 
2007). Since mtDNA is maternally inherited, it should be pointed out that sex-biased 
dispersal can also play a role in elevating FST for species in which males disperse over 
greater distances than do females (Carreras et al. 2007). 
 
Very weak genetic structuring is common amongst pelagic marine organisms and 
has already been observed in several taxonomic groups, from fish to crustacea (Knutsen 
et al. 2003; Maggioni et al. 2003). However, given that adult spiny lobsters are sedentary 
benthic crustaceans, the cause for P. elephas to show similar weak population structuring 
to that found in pelagic marine organisms would be the high dispersal ability of the 
phyllosoma. Therefore, the fact that the most differentiated population was the GREC 
population is consistent with Eastern Mediterranean having very low influence of 
Atlantic waters and the known oceanographical features in the area (Malanotte-Rizzoli et 
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al., 1999). The large East Levantine Water eddy in Eastern Mediterranean could be 
causing isolation of phyllosoma larvae, since eddies and oceanographic gyres may last 
several months and thus retain even larvae with very long PLD. Indeed, it has been 
shown that some Mediterranean eddies (e.g. Algerian Eddy) may present lifetimes near 3 
years long (Puillat et al. 2002). Given that GREC is located in one extreme of the 
distribution area, this comparatively higher Fst value would also be the cause of the 
artifactual isolation by distance pattern observed. Finally, even though the grouping 
accounted for less than 1% of the genetic variation, Atlantic and Mediterranean basins 
showed significant differences, indicating that some structure could be present. This 
significant differentiation among basins was also found when analysing P. elephas 
populations with the COI gene region and has been described in several marine species 
(Patarnello et al., 2007; Palero et al. 2008a). Interestingly, neither the Gulf Stream nor the 
Eastern-Western Mediterranean discontinuities provide significant AMOVA results, 
which could be explained by a sample size effect. Nevertheless, these results do not 
directly imply that intense larval mixing is going on. It should be noticed that population 
genetic differentiation and population effective size are tightly related under the assumed 
Wright model (Fst = 1 / (1+4Nm)) (Withlock & McCauley 1999). Given a particular Fst 
value, the effective number of migrants (m) will be much lower in those species with a 
larger population effective size. For example, Palumbi (2003) found that assuming a 































3, a slope of 0.01/1000km would correspond to a mean 
dispersal distance of 150km under a one-dimensional stepping-stone model. Given that 
our estimates for current population sizes in Palinurus elephas range from 104.11-104.67, 
even a slope for Fst change as low as 0.001/1000km would correspond to mean dispersal 
distances lower than expected given the long PLD of P. elephas (1,300-2,500km). 
Therefore, even though the mean Fst value indicates a very low genetic differentiation, 
restrictions to larval dispersal would be acting for this species. Consequently, the same 
result should be inferred for several exploited decapod crustaceans that show a similar 
genetic pattern with low Fst values and large population effective size (e.g. Nephrops, 


































Mitochondrial DNA has been claimed to be appropriate for detecting historical 
events, and can be very useful in describing present day phylogeography of organisms 
with relatively low dispersal capacity (Avise 2000). In our previous study using COI 
data, we found evidence for a genetic bottleneck caused by either selection or 
demography (Palero et al. 2008a). However, given that we only sequenced a portion of 
the COI gene and that mtDNA acts as a single locus, selection acting elsewhere on the 
mtDNA molecule and mimicking a demographic bottleneck could not be discarded. 
Bazin et al. (2006) concluded in a recent study that mtDNA might, in fact, be a poor 
indicator of population size, and suggested that frequent episodes of natural selection 
would make the average amount of mitochondrial nucleotide polymorphism to be 
invariant across taxa spanning a wide range of population sizes (Gillespie’s ‘draft 
hypothesis’: Gillespie 2000). According to the draft hypothesis, the reduction in variation 
caused by recurrent selective sweeps balances the expected greater levels of neutral 
diversity in larger populations, making variation independent of population size. The 
hierarchical bayesian approach used in the present study allowed us to integrate 
independent genetic estimates of past demography obtained from the unlinked set of 
microsatellite loci. Our results point to fairly constant historical population sizes in 
Palinurus elephas with some indication of slight population expansion and therefore 
support the conclusions of Bazin et al. (2006) that challenge the utility of mtDNA 
variation as a reliable indicator of population size. 
 
In fact, both population structure and microsatellites not following the single step 
mutation model of evolution will tend to give r < 0 so actually there may be even stronger 
evidence of growth in our dataset. Nevertheless, when a randomly mating population 
passes through a bottleneck, reduction of genetic diversity depends on population size 
and time according to Ht=H0(1-1/(2Ne))t. The long generation time of P. elephas could 
have minimized genetic drift and acted as an intrinsic buffer against rapid loss of genetic 
diversity (Dinerstein & McCracken 1990). A bottleneck lasting about 30–40 years would 
imply a lower loss of genetic diversity for an organism with large effective population 
size and a very long generation time like Palinurus elephas (Allendorf 1986; Dinerstein 

































rule out the possibility of a reduction in population size on a very recent timescale (Fig. 
3B). Population genetics theory suggests that genetic diversity is significantly reduced 
only in very small populations, and therefore even ‘‘collapsed’’ stocks may consist of far 
too many individuals to show declines in genetic diversity measurable with feasible 
sample sizes (Rice 2004). Therefore, the biology of the European spiny lobster could 
cause molecular data to infer constant, or even expanding, population sizes when in fact 
there has been a reduction in census size. 
 
Directional human impact could also be unintentionally masking the genetic 
consequences of population size reduction. If population size was decreasing while 
connectivity was decreasing too (e.g. due to localised overfishing), then we would infer 
that population size has been stable for the metapopulation despite a reduction in overall 
census size (Wakeley’s ‘many demes model’: Wakeley 2004, 2005). Furthermore, it 
should be noticed that larger female P. elephas produce both more eggs (Ceccaldi and 
Latrouite, 1994) and larger larvae that survive longer under conditions of low food supply 
(Kittaka & MacDiarmid 1994). Fishing of the European spiny lobster has usually targeted 
mainly large individuals, making the age structure to shift towards a smaller mean 
carapace length in several localities (Portugal, Galhardo et al. 2006; Corsica, Marin 
1987). An average female of an unexploited area (CL = 120mm) would produce about 
twice as many eggs as a female of an overexploited area (CL = 90mm) (Goñi et al. 2003). 
Therefore, the reduction in the number of large females would reduce the variance of 
reproductive success, since more individuals will contribute a higher proportion of 
descendants to the next generation. As a consequence, the effective size of a population 
would be artificially enlarged and could seem to expand even though the census size or 
number of individuals is actually decreasing (Rice 2004). 
 
Most marine species show an age class structure with high mortalities concentrated 
on the early stages, so that repeated reproduction during an individual’s life will increase 
its overall contribution to the next generation (Murphy 1968). In these species, a year 
with strong recruitment produces a cohort of adults that survives over a number of 

































recruitments are essentially stored in the adult population and are capable of maintaining 
genetic variability in heterogeneous environments (Ellner & Hairston 1994). High 
recruitment variability due to fluctuations in oceanographic regimes would directly affect 
P. elephas populations, since larvae spend at least 4–5 months in offshore waters and 
natural mortality is inversely proportional to size (Hunter 1999; Diaz et al. 2005). 
Therefore, when the age-structure is altered (i.e. due to overfishing) populations relying 
on new recruits would be much more sensitive to chance events reducing larval survival. 
The larger the generation overlap, the smaller the impact of environmental fluctuations 
on the level of genetic variability (Gaggiotti & Vetter 1999), so that maintaining the age 





Our results show that very low population genetic structuring is present in the 
European spiny lobster. The most differentiated population is the Greek population, 
which is consistent with the isolation of phyllosoma larvae in the large East Levantine 
Water eddy in Eastern Mediterranean. On the other hand, Atlantic and Mediterranean 
basins showed significant differences even when the Greek population is excluded from 
the analysis, which indicates that some structure could be present. Even though over-
fishing has reduced catches dramatically all over its distribution area, effective population 
size of P.elephas seems to have remained historically constant. This contradictory result 
could be accounted for by the biology of the species and by the limitations of molecular 
markers in covering very recent timescales. Most importantly, we noticed that the large 
effective population size of P.elephas (Ne = 13,000-47,000) would cause Fst values to be 
extremely small even for populations with restricted levels of dispersal. Taking this fact 
into account, dispersal capabilities of the European spiny lobster would be much lower 
than expected under its long PLD. Finally, management strategies for conservation and 
fishing policies of this species should consider Atlantic and Mediterranean populations as 
different stocks, and the Eastern Mediterranean population should be considered a 





importance of considering historical demography and life history parameters when 
evaluating connectivity patterns in marine organisms and studying the effects of 
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Figure 1. Sampled Palinurus elephas localities. Western Scotland (WSCO): Oban; 
Western Ireland (WIRE): Galway; Brittany (BRIT): Le Conquet; Bay of Biscay (BISC): 
Gijón; South Portugal (SPOR): Sagres; Western Mediterranean (WMED): Cullera; North 
Western Mediterranean (NWME): Cap de Creus; Tunisia (TUNI): Tunis; Sicily (SICI): 
Isola delle Femmine; Greece (GREC), Dia Island. 
 
Figure 2. Correlation in Palinurus elephas populations between genetic and 
geographic distances. Symbols indicate comparisons including the GREC (■) or not 
including the GREC population (). 
 
Figure 3. Population demography estimates based on microsatellite loci data from 
Palinurus elephas. A) Joint posterior distribution of No (contemporary population size) 
and Nl (ancestral population size). The 90%, 50%, and 10%highest probability density 
(HPD) limits are plotted for the joint distribution of N1 and N0 on a log10 scale. The 
diagonal line corresponds to N0 = Nl. B) Plot of the marginal posterior distribution of 
log10(r) and log10(tf) for the European spiny lobster dataset. HPD limits for the joint 
distribution of r and tf under the hierarchical model are plotted as a continuous line. HPD 

































 Table 1. Mean number of alleles (n), observed (HO) and expected (HE) heterozygosities and the inbreeding coefficient (Fis) 
values obtained for each population.   
 
Population N nA Ho + sd He + sd Fis
WSCO 24 10.5 0.546 + 0.029 0.782 + 0.051 0.269
WIRE 24 10.4 0.585 + 0.028 0.790 + 0.051 0.237
BRIT 24 10.8 0.644 + 0.027 0.779 + 0.055 0.124
BISC 24 11.5 0.625 + 0.028 0.800 + 0.049 0.182
SPOR 54 14.4 0.668 + 0.018 0.783 + 0.052 0.114
WMED 59 13.4 0.603 + 0.019 0.783 + 0.050 0.160
NWME 50 13.2 0.585 + 0.020 0.776 + 0.051 0.152
TUNI 24 10.8 0.532 + 0.029 0.766 + 0.058 0.187
SICI 24 10.7 0.635 + 0.028 0.793 + 0.046 0.114
GREC 24 9.8 0.557 + 0.029 0.743 + 0.063 0.191
Total 331 18.5 0.598 + 0.025 0.779 + 0.053 0.173
 32
Table 2. Fst values among population pairs before (below diagonal) and after (above diagonal) correcting for the presence of null 
alleles. The significant Fst values are shown in bold. 
 
WSCO WIRE BRIT BISC SPOR WMED NWME TUNI SICI GREC
WSCO 0.0028 -0.0033 -0.0029 0.0157 0.0068 0.0103 0.0038 0.0056 0.0232
WIRE 0.0033 0.0000 0.0009 0.0100 0.0043 0.0041 0.0077 -0.0041 0.0137
BRIT 0.0007 0.0023 0.0008 0.0132 0.0087 0.0115 0.0060 0.0061 0.0175
BISC -0.0023 0.0020 0.0027 0.0138 0.0048 0.0138 -0.0014 0.0038 0.0264
SPOR 0.0137 0.0105 0.0130 0.0125 0.0175 0.0149 0.0190 0.0087 0.0161
WMED 0.0060 0.0053 0.0090 0.0058 0.0161 0.0041 0.0021 0.0038 0.0137
NWME 0.0073 0.0046 0.0097 0.0102 0.0129 0.0030 0.0084 -0.0022 0.0125
TUNI 0.0038 0.0071 0.0071 -0.0009 0.0173 0.0031 0.0073 0.0073 0.0168
SICI 0.0050 -0.0022 0.0057 0.0029 0.0078 0.0035 -0.0014 0.0069 0.0078
GREC 0.0162 0.0113 0.0114 0.0190 0.0125 0.0105 0.0098 0.0132 0.0067
 33
Table 3. Global Analyses of Molecular Variance as a weighted average over loci carried out to compare the effect of several 
marine barriers on the genetic structuring of P. elephas populations. Significant results are indicated in bold. 
 
P.elephas populations sample size Barrier Percentage P-value
SICI+TUNI-GREC 72 East-MED 0.414 0.292
NWME+WMED-SPOR 163 AOF 0.523 0.312
SICI+TUNI-SPOR 102 AOF 1.169 0.100
ATL-MED 331 AOF 0.397 0.014
ATL-MED (NO GREC) 307 AOF 0.407 0.015













Supplementary data, S1. The MDS using the individual matrix did not show any visible structure on the data, with individuals 
from both basins mixing together. 
 
 35
Supplementary data, S2. The Bayesian clustering method of STRUCTURE 2.2 was not able to detect any  population structure for this 
dataset, since the most likely scenario obtained was that of a single panmictic population (K=1; Ln Prob of Data = -17337.34 + 1.59). 
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